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ABSTRACT

A preliminary design study was conducted on an unmanned HI-HICAT (High-High
Altitude Critical Atmospheric Turbulence) vehicle and instrumentation system to
measure turbulence at altitudes from 70,000 to 200,000 feet. The vehicle
configuration selected as optimum for this extreme range of altitudes is a
parawing. For the study, emphasis -;as placed on designing a system for the
middle portion of the altitude band from 100,000 to 150,000 feet. In this
band a lifting body configuration is competitive with the parawing. Both
systems feature a one-stage vehicle which is air launched from.an F-4C
aircraft at supersonic speeds. A cluster of eight P4-1 rocket chambers
accelerates the vehicle up to cruise speed. The vehicle cruises in horizontal
flight at speeds as high as Mach 6 until propellant exhaustion or until
the sustainer engine is shut down. It then decelerates at the cruise altitude
to obtain additional data miles. Recovery is initiated when the vehicle
slows down to Mach 1.5. An air snatch completes the mission. Turbulence data
is gathered by a digital system and stored on a magnetic tape recorder and
telemetered back to the launch aircraft, the recovery aircraft, and any
available ground ,Gation. An inertial navigator supplies attitude
and acceleration c ita, but the fine scale attitude motions in turbulence are
obtained from a paukage of three precision rate gyros. A one-axis, servoed
Q-ball is recommended as the flow direction sensor. The total RDT&E,
production, and operating cost of 500 data gathering flights is estimated

at $53 million.
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SEMIOf 1

Clear air turbulence has been a serious design problem at all altitudes at
which airplanes have flown. Figure 1 (teference 1) Indicates that turtulence
is a major factor in determining the fatigue life of an aircraft. It is
expected that-this contribution may increase for future flight vehicles due to
the combined effects of increased speed, altitude, size and flexibility.

To date, turbulence data, applicable to aircraft design, has been gathered
at altitudes as high as 70,000 feet. This data has been gathered only recently
and by aircraft already in service and tiius has not been available as an
input into the basic aircraft design. The result has been the loss of life
and vehicles, and .expensive design "fixes". With this hindsight it beces
possible to foresee the necessity of obtaining turbulence design criteria for
advanced vehicles befort they reach the final design phase. Many of these
vehicles will operate at iltitudes above 70,000 feet, for which there is
presently no data available. The HI-RICAT (High-High Altitude Critical Atmos.
Turbilence) program was initiated to collect turbulence data between 70,000
and 200,000 feet altitude.

Thus- far turbulence information in thiz high altitude regime has be en limited
to vertical profiles of wind velocities, and has been obtained from rising
rockets or falling instruments ejected from rockets. Descriptions and
understanding of the turbulence fields at these levels, sufficient for use
in aircraft design criteria, requires extensive and accurate measurements in
the horizontal, rather than the vertical.

This prelimi.nary design study was initiated with the objective of evaluating
a vehicle and instrumentation system which could operate in horizontal flight
at altitudes from 70,000 to 200,000 feet. Specific requirements as set forth
in the contract are that the system must -be capable of obteining in-flight
data sufficient to permit definition of HI-HICAT with respect to location,
extent and intensity, and associated meteorological parameters. The data must
be sufficient to permit analysis of the turbulence by power spectral density
methods. Emphasis will be placed on measuring long wavelength turbulence (up
to 75,000 feet per cycle) by operating the vehicle in horizontal flight through
areas of high wind shears, jet streams, gravity waves and similar phenomena.
For an adequate data sample, the cruise range of the vehicle should be

approximately 25 times the maximum wavelength of interest. For a wavelength
of 75,000 feet, a range of 350 miles Is required (statute mile used herein).
The primary requirement on the kstrumentation is that it must be capable of
resolving a minimum rms (root-me -square) gust velocity of 1 fps. The number
of flights to be considered for study purposes is 50 minimum and 1000 maximum.

Since the primary objective of the HI-HICAT program is to measure turbulence,
it is necessary tokeep in mind the fact that all other systems must be
designed around the instrumentation system. The vehicle must be designed
with the philosophy that its purpose is to carry the instrumentation package
with minimum influence on instrumentation design or function. Thus,
throughout this study, the vehicle and instrumentation have been considered
as a single entity.

--, 1
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This study thus consisted of selecting an instratntation system to perform
the above stated mission, followed 'by vehicle configuration studies, and
integrating these into an overall operational system including optimum launch
method, propulsion, guidance and control, and data retrieval.

Oxis study is part of an overall program to statistically define the
characteristics of high altitude, clear air turbulence and to verify or
correct existing theories on the power spectral density of turbulence at
theze altitudes. The establisment of a turbulence model, to be used as a
basis for predicting the fatigue loading of aeroosce vehicle structures,
vill result from the collected data of the overall program.

I
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SECTION 2

One-stage, unmanned, parawing and lifting body designs were evolved for a HI-
HICAT vehicle and instrumentation system capable of measuring turbulence at
altitudes from 70,000 to 200,000 feet. The mission for either configuration
consists of the same series of flight phases, as illustrated in Figure 2. This
study concludes that the optimum vehicle would be air launched. This would
be accomplished as follows: An F-hC aircraft enters the launch maneuver at
near Mach 2 at 35,000 feet and pulls up until the HI-HICAT vehicle is released
at the pre-set launch angle. The helium pressurisation system is activated
and the rocket =gines fire to boost the HI-HICAT vehicle up to speed. The
boost engines (but not the sustainer engine) are shut down and the vehicle "coasts"
up to the cruise altitude, at which point the farawing deploys, if installed.
The sustainer engine is modulated to provide the required level of thrust in
cruising flight. The parawing vehicle cruises at speeds near Mach 3 at 70,000
feet and Mach 6 at 200,000 feet. At the lower altitudes the cruise apeed can
be set for maximim range, but at the higher altitudes the cruise speed for
.maximum-range- is too high and must be limited due to material temperatures.
After propellant exhaustion or after the engine is commanded to shut down, the
vehicle decelerates at the cruise altitude to Mach 1.5, the recovery initiation
speed, or to a maximum angle of attack of 50 degrees. The deceleration adds
valuable data miles. If the maximum angle of attack is reached first, the
vehicle glides down until the speed drops to Mach 1.5. After the main para-
chute opens, an air snatch aircraft picks up the vehicle and returns it to the
operating base for -afurbishing.

Although the external configurations are radically different, the internal
systems for either the parawing or the lifting body design are the same except
for one major variation. The parawing vehicle has a pressure-fed engine
system, whereas the lifting body has a turbopump-fed system. All available
space must be filled with propellants, and complex shapes result for a lifting
body design which are inappropriate for a pressure-fed system. The installa-
tion of a turbopump requires a more complex design, but the freedom in choosing
an aerodynamic configuration compensates for this disadvantage. Admittedly,
only a parawing can achieve satisfactory range at extremely high altitudes, but
the lack of aerodynamic and thermodynamic test data gives a degree of uncer-
tainty about a parawing design which can only be resolved by a systematic
parawing research program. Lifting body designs have been subjected to con-
siderable research, development, and test effort; therefore, a HI-HICAT devel-
opment program could proceed immediately without a research phase.

The recommended, unmanned vehicle configuration is dependent on altitude. For
the overall 70,000 to 200,000 feet band, the parawing is recommended. It is
the only vehicle capable of flying at 200,000 feet in a practical manner. For
flight at lower altitudes, smaller wings, or no wings, can be attached to the
same basic fuselage. In the mid-altitudes (100,000 to 150,000 feet), rigid
shapes are competitive and the lifting body vehicle is recommended.

At the lower altitudes of interest, the YF-12A aircraft will have application.
Past turbulence investigationF Lave always emoloyed a manned aircraft. The
highest altitudes explored to date have been with a U-2 aircraft on the HICAT
program. An instrumented YF-12A aircraft is the next logical step. The cost
of obtaining data, although greater than for past in-estigations, would be less
than for the unmanned systems studied herein.

5
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A flow direction sensor is provided to measure the fine scale lateral and
vertical variations in the winds relative to the HI-HICAT vehicle. The re-
sponse of the vehicle, in turn, to long scale tu'bulence wavelengths, is
measured by accelerometers, and rate and position gyros. The recommended flow
direction sensor is a one axis, servoed Q-ball design similar to that developed
and in operation on the X-15 research aircraft. The high supersonic speeds of
the HI-HICAT vehicle requires that extremely small varidtions in the angle of
attack and sideslip be measured. The accuracy attainable with the overall
system depends primarily on the accuracy of the flow direction measurements.
The Q-ball design described herein promises accuracies of 0.005 deg. at fre-
quencies from 1/20 to 7 cps. The overall system accuracy is 0.01 deg. for the
same range of frequencies. At the instrumentation design Mach number of 4 at
70,000 feet and Mach 6 at 200,000 feet, the system is capable of measuring an
0.8 fps rms gust at wavelengths from 400 to 78,000 feet at the lower speed and
a 1.0 fps rms gust at wavelengths from 600 to 94,000 feet at the higher speed
and altitude.

The instrumentation system is designed to sample 20, 13-bit words simultane-
ously at a rate of 40 per second. Two of the R0 channels are required for the
angle of attack since the measuring range will. be greater than the
capability of a single channel. Both on-board recording and telemetering of
data are considered in the design, and both functions can be provided on a
single flight, if desired. The magnetic tape recorder has a capacity greater
than 13 million bits, sufficient for 15-minute flights. .The telemetering in-
cludes a 5-watt transmitter and a slot or flush cavity antenna.

A total system cost of 27, 53 and 80 million dollars is estimated for either
the parawing or the lifting body vehicle for 50, 500 and 1000 flights, respec-
tively. These figures include developing, testing, engineering, production
and operating costs, but do not incl~de the cost of research on the parawing.
Since the technology for supersonic parawings is poorly developed, a 20-month
additional research program must be completed before a go-ahead can be author-
ized for a HI-HICAT parawing system, at a cost of two million dollars.

Three views of the parawing and the lifting body systems are presented in
Figures 3 and 4. The major design parameters and features are described in
Table 1.

7
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TABLE 1

SLIWARY OF SYS'4 DESIGN FEATURES

Lifting Large
Body Paraving

Weight

Full 3262 lb 2873 Lb

Empty 2157 lb 1036 Lb

Airframe

Length 21 ft 7.5 in. 25 ft 4 in.

Span 6 ft 1O in. 2T ft 6 in.

Height 2 ft 1 in. 4 ft ll in.

Planform area 78.5 sq ft 190 sq ft

Leading edge sweep 81 deg 45 deg

Leading edge diameter 3 in. 4 in. (minimum)

Q-ball diameter -. 5 in. 2.5 in.

Primary structural material Ti-6AI-4V titanium Ti-6AI-4V titanium
and Inconel Alloy and Inconel Alloy71n_8 71n8I

Either S 8stem

Propellant and Propulsion System

Type Eight clustered P4-1
liquid rocket chambers

Fuel Hydyne MAF 4

Oxidizer IRFNA

Mixture ratio (oxidizer-to-fuel
weight ratio) 3.0:1

Expansion area ratio

Boost engine 14.0:1

Sustainer engine 23.5:1

Maximum thrust 5660 lb (lifting body- 150,000 ot)
4935 lb (parawing- 200,000 ft)

Pressurization and Cooling System

Type Cyrogenic helium

Helium tank pressure 1000 psia

Recovery System

Type Two stage parachute
followed by air snatch

13



TABLE 1 (Concluded)

Either System

Command and Control System

Type inertial navigator with
"ground" control override

Controls Aerodynamic surfaces, engine
throttle, engine shutoff,
and recovery initiation

Instrumentation ( t

Type P (digital)

Flow direction. sensor One-axis servoed Q-ball

Data handling On-board magnetic tape
recording and telemetering

Data channels 20

Samples per second per channel 40

Capacity Greater than 13 x 10 bits

14



SECTION 3

CONFIGURATION EVALUATION

This section is concerned with the identification and compsrative evaluation of
the possible configuration candidates for carrying the instrumentation package
through its mission. Also included in this section is the selection of the
various supporting systems for propulsion, launch and recoviery.

/

3.1 MESSION PROFILE DEFINITION

Fundamental to selecting a vehicle configuration is the definition of the per-
formance requirements. The HI-HICAT vehicle must be capable of cruising hori-
zontally for a distance of 350 miles at all altitudes between 70,000 and 200,000
feet. The complete profile may be broken down into the following phases (See
Figure 2): (1) launch, (2) boost, (3) cruise, (4) deceleration, (5) glide and
(6) recovery. The configuration cf the BI-HICAT vehicle will be directly
affected by the approach selected for the first three of these mission phases
and only indirectly affected by the other flight phases. The discussion in
this section, therefore, will cover the first three phases only since only a
preliminary defining of the HI-HICAT mission is intended.

For purposes of completing the definition of the HI-HICAT vehicle mission pro-
file, a preliminary estimate of the cruise velocities was made. Figure 5 is a
plot of dynamic pressure (q = W/S where q is the dynamic pressure, W/S the wing

CL
loading and CL the lift coefficient). At the highest altitudes the highest
lift coefficients will be required and a maximum for design would t, 9xpected
to be roughly 0.5 for supersonic cruise. It may be seen from Figure 5 that
high supersonic speeds are a must in spite of the thermodynamic problems that
will be encountered. For example, even at Mach 6 at 200,000- feet a wing load-
ing of only 5 will be required at a CL of 0.5, an unusually low value. (It will
be shown later that speeds much greater than Mach 6 result in excessive mater-
ial temperatures.)

At low altitudes, low speeds are favored to reduce the variation in the range
of cruising CL's with a consequent improvement in the lift-to-drag ratios.

Subsonic speeds are unlikely, however, because the longitudinal trim require-
ments are simplifiaL by the constancy of the aerodynamic moments at supersonic
speeds. Also, any gain in lift-to-drag ratio may be offset by the greater fuel

consumption, per mile, of a rocket. (The reasons for choosing a rocket engine
are discussed in Section 3.1.3.) And finally, the flight time is shortened at
supersonic speed by a ni-rber of minutes with a consequent reduction in the size
of secondary power sources.

3.1.1 Launch

Two launch methods were considered, ground launch and air launch. Air
lauuch is recommended. A major disadvantage of ground launch for the large
number of flights to be considered (up to 1000) is the necessity of using a
booster for each launch. The booster cannot be made recoverable and
reusable in any practical manner. Thus, the cost of a new booster would be
incurred for each flight. nalyses of booster costs indicate that these
would probably be nearly 50 percent of the total operational cost of each

15
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I
flight. Another zajor problem associated with ground launch is the high
accelerations and higt dynwic pressures placed on the vehicle and instrumenta-
tion during the low altitude boost portion of the mission.

Wr launching the HI-HEICAT vehicle fron an aircraft at high altitude, the above
stated problems can be greatly reduced or eliminated. launch costs are much
less since the launch aircraft is reusable. The loads imposed on the HI-HICAT I
system during aircraft climb-to-altitude are also much less than those for
ground launch. Other advantages of air launch over ground launch are:

1. Reduction in the velocity increment required for boost.
2. Reduction in drag losses during boost.
3. Mobile, worldwide launching platform.
4. High reliability of an aircraft compared to a booster.
5. Fewer launch site restrictions.

An air launch is not without its disadvantages. Typically:

1. The vehicle is subject to buffeting and vibration before launch.
2. Tests must be conducted to verify that the launch aircraft and HI-HICAT

vehicle combination possess satisfactory flight qualities, performance
and launch characteristics.

Experience with other programs indicates the advantages of an air launch
outweigh the disadvantages if a large number of launches are contemplated.
Typical of past and present programs with repeating air launches are the
X-15 research aircraft, the X-7 ramjet research vehicle and the AQM-37A
target drone.

3.1.2 Boost

Two BI-HICAT vehicle boost/cruise configurations were studied; a one-stage
system and a two-stage system. In the one-stage system the booster is an
integral part of the cruise vehicle. The booster is reusable and is recovered
with the cruise vehicle. In the two-stage system the booster is ejected from
the -ruise vehicle prior to cruise flight. The booster can then either be
recovered or expended.

The expendable booster suffers from many of the same handicaps as those
previously enumerated for a ground launch booster and is not considered to
be practical. Figure 6 presents a plot of the bare motor costs for solid
propellant rockets. The band shown covers the range from a low production,
conservative estimate to a high production, optimistic estimate. The curve
is based on unsophisticated motors and excludes the costs of other expendabie
items such as tail fins or interstage assemblies. For a two-stage rocket-
powered cruise vehicle weighing from 1000 to 1500 pounds cruising at speeds
from Mach 4 to 6, a total impulse of roughly 500,000 lb-sec is required. It
is evident that booster costs wou.d be between $9000 and $25,000 per launch
just for the bare motor alone. This cost is excessive for a program in which
as many as 1000 missions are contemplated.

The recoverable booster must be reusable in order to justify recovering it.
This implies that it uses liquid rockets. Reusable solid rockets have not
been sufficiently developed to cons.ider them for the HI-HICAT program. This
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fact also applies to the one-stage booster rockets. Thus both the one-stage
and two-stage systems would use liquid propulsion.

The primary advantage of the two-stage system in which the booster is released
prior to cruise, is the reduced weight to be carried during cruise. This in
turn reduces the requirements on the vehicle design and propulsion system,
resulting in, perhaps, lower one-time and recurring costs than those of a
one-stage system. However, counteracting this possible advantage is the V
added cost and complexity of providing a separate recovery syster for the
booster. The liquid propulsion one-stage boost-cruise system is thus
reccmmended on the basis of simplicity and reliability.

3.1.3 Cruie

A liquid rocket engine system for the cruise vehicle is included in the
recmmended HI-HICAT system. The justification for such a system is presented
below by considering the arguments for rejecting alternate systems.

3.1.3.1 No Cruising Engine: Ballistic Vehicles and Dynamic Gliders
It is possible to conceive of systems wvh!h do not employ propulsion for
cruising. Two such possibilities are described below:

1. A ballistic vehicle could make measurements as it vent over the top of
its trajectory. A range. of 50 miles could be obtained with an altitude
variation of less than 45000 feet for an apogean speed of 5320 fps.

2. A concept of greater complexity is a glider which would be boosted up
to the desired altitude. At that point, the guidance and control
system would pitch up the vehicle to a lifting attitude. The vehicle
then would become a dynamic glider and be controlled to decelerate at
altitude until the maximum usable lift was obtained. The deceleration
range would be of the order of 100 miles for the same apogean speed
given above for the ballistic vehicle.

These concepts are best compared to a two-stage cruising vehicle with the same
type of booster unit for the first stage. For such a vehicle the range would
be greater than 350 miles and the weight would be roughly 1400 pounds. The
weights of the pure ballistic vehicle and the dynamic glider are estimated at
200 to 400 pounds, respectively. Hence, all three vehicles have a weight-to-
range ratio of roughly four. The cost per data mile would be less, therefore, I
for the larger vehicle because the cost of boosting a pound goes down as the
vehicle weight goes up. Admittedly, the lack of a wing, a cruise pcwerplant,
a fuel system and a complex guidance and control system causes the purely
ballistic vehicle to look attractive. No savings can be effected for
instrumentation, however, a major cost element. Consideration of the need
for a large number of data miles for turbulence statistics leads to the
conclusion that a cruising vehicle will result in a lower cost per data
mile. Another factor is that all the vehicles discussed here are two-stage
vehicles. The arguments in favor of discarding all types of two-stage
vehicles were presented in Section 3.1.2

3.1.3.2 Air-breathing Pwerplants

A ramjet could greatly increase the range of a HI-HICAT vehicle, as compared
to a rocket, over a band of altitudes centering around the design altitude.
Although a reduction in operating costs is probable, the cost of developing
a new ramjet design solely for the HI-HICAT vehicle is excessive. In
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comparison, a rocket does not have an operating ceiling and is the only
engine which is feasible at the highest altitudes of interest.

A word should be said about air augmentation for a rocket engine, which
could raise the specific impulse 30 to 50 percent for practical levels of
air scooping (Reference 2). It remains to be demonstrated that the theoreti-
cal gains can be achieved in a practical flying system. Also, a disadvantage
exists in that different size scoops would be required for different
altitudes. Ai-- augmentation is best considered for a possible future improve- V
ment of the basic HI-HICAT vehicle after the initial development is completed.

3.1-.3 Solid Rockets
Very slow burning solid rockets have not been widely developed. Add to this
the desire for reuse and throttling and it is apparent the cruise motor should
not be a solid rocket.

3.1.3.4 Liquid Rockets
The recommended propulsion for the cruise vehicle is a liquid rocket. This
is the only practical system for meeting the requirements of long range
(350 miles) flight at nearly constant altitude. As will be shown in Section
3.3, a propulsion system can be built up with relative ease from the
technology of a system already in existence, the LR64-NA-4 liquid rocket
engine.

3.2 EXTERNAL COFIGURATION ANALYSIS

There are a large number of lifting configurations which can be conceived
for the HI-HICAT vehicle. They fall under two broad categories: rigid and
expandable. Expandable configurations are of interest since a very large
wing area is desirable for flight at 200,000 feet. The maximum dynamic
pressure during boost will be two orders of magnitude greater than the
dynamic pressure during cruise at 200,000 feet. Such a large wing cannot be
made structurally strong enough to survive the dynamic pressures which will
be encountered during boost. Somehow the wing must be retracted or folded
into a compact shape for boosting. However, rigid shapes are not to be
neglected. Moderately low wing loading will exist for shapes such as the
lifting body and these configurations are usually easier to protect from the
thermal environment.

Only aerodynamic controls will be considered for any type of lifting
configuration. If a configuration is capable of generating enough lift to
support itself, then it is reasonable to expect that aerodynamic controls
can be designed which will achieye satisfactory pitching, rolling or yawing
moments without recourse to reaction controls. Reaction controls are not
really feasible for the HI-BICAT vehicle. The necessity for maintaining
trim would put a steady drain on the propellants for the control jet and
the propellant weights would tecome totally unrealistic. A variation of
the reaction control concept is to swivel the rocket engine but since a
portion of the mission is with power off, this variatioa must also be
rejected.
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3.2.1 Expanding Wings

Yhn concepts: have; been. suggested in the literature but the only one which has
een tested at supersonid speeds to any extent is the parawing. These concepts

include inflatablehapes with-an upper and- lower surface: shapes which are
pressurised by a--gas or.- filled. with a quick settig foam. Research is at a
very early-otage on thess ideas and this, study will not attempt to establish
which concepts are practical or even feasible.

Also withint the class, of expandable structures are the mechanically folding
wings. Unfortunately, a wing of very large area will require a number of
hinge lines or hinge axes in order to fold within a roughly cylindrical shape
for boosting. Such structures are not practical for this application.

The -parawing; then, appears to be the most practical expanding structure for
flight at high-.supersonic or hypersonic speeds and high altitudes. The. typi-
cal rTrawing -consists- of a two-lobe, saili-a keel; two leading edge booms and
two r'reader bars. The keel, the booms-and the spreader bars can be inflat-
able columns, but such a structure is not desirable for the HI-HICAT mission.
The-diameter of inflatable leading edge.,boms, must, be large in order to with-
standibendi loads, but large diameters result in a high drag configuration.
With rigid booms, diameters of-a few inches are practical which is about the
size4des rable from a, thermodynamic standpoint.. A parawing design with rigid
leading Iege booms isstudied, in-detail.herein and will be shown,-to be of
reasonable. jieight.

It is ,desirablei, in the nterest of, ;structural. simplicity, to -avoid "a separate
tail for- control. - To achieye roll Icontrol, a pair of -actuators could 'function
as controllable spreader-bars by differentially varying. the. sweep- of the lead-
ing edgeb oams. Longitudinal control is more difficult and uncertain, unfor-
tunately I- 7-Reference 3 considers -the possibility-of installing cables which
pass through a tube along the trailing edge of the sail. These cables could
be reeled in or out to vary the camber of the parawing and hence generate a
varying pitching moment. Such a type of control is a distinct possibility,
but this unusual concept requires research. In the interest of providing an
aerodynamic control system which requires no researc-h, a -separate tail is pro-
vided with both a hor izontal and a vertical surface.. Such a tail cah provide
independent- control about all three axes and allows the uidance system the
greatest possible flexibility.

Rapid control movements are ,possible by utilizing tail surfaces of a delta
planform which have a relatively fixed center of pressure and by rotating the
entire control suaface about a-line that passes close to the center of pres-
sure. Low hinge moments result and small actuators will respoid rapidly
enough to control the dynamicV motions of the HI-HICAT vehicle. -

The fuselage of the parawing vehicle studied herein, is a cylinder with a
conical nose for structural:;simplicity. A nose .fineness ratio of about four
to one was chosen. A longer-.nose could be used which would reduce the drag
at zero lift slightly, but if; the nose is much longer some of the- propellant
would have, to be, stored in the. nose- in a tapered tah, an undesirable. struc-
ture, since tank walls of varying thickness are required for minimum weight.

21



One vertical tail mounted on the underside of the fuselage is used in the
parawing vehicle studied herein. T-tails would be structurally difficult for
the thermal environment to be encountered and only a slight reduction, if any,
in drag would-be expected at high supersonic speeds. The vertical tail must
be located on the underside of the fuselage instead of the upper since at hyper-
sonic speeds a dynamic pressure "shadow" exists above the fuselage at high
angles of attack.

Drawings of the proposed parawing configuration are presented in Figures 4, 7,

and 8.

3.2.2 Fixed Wings

A separate tail does not appear to be needed for a fixed configuration. Many
lifting bodies, planar bodies, etc., as woli as existing supersonic designs,
have-done well vithout'a horizontal tai] and with only one or two vertical
fins.

The next consideration to shape the HI-HICAT vehicle is the obscrvation that
vehicles designed for high supersonic speeds characteristically have a wing of
high sweep. Low sweep designs are conceivable, but the ing must be so thin
that it cannot contain an appreciable amount, of propellants. For a HI-HICAT
vehicle striving for maximum range, designs featuring large internal volumes
are desirable and for this, lifting body designs are eminently suitable.
Lifting body designs are being pursued vigorously and shapes having more
favorable lift-to-drag ratios are expected to be generated. A development
program leading to the production of HI-HICAT systems would be expected to
allow for a complete search of the latest available data and to also allow for
a moderate amount of wind tunnel tests on related shapes. Such a program
should result in a shape of near optimum efficiency. The shape studied in de-tail herein is presented in Figure 3.

3.2.3 Existing Vehicles

Two vehicles already exist which would be feasible at the lower altitudes of
interest. Unmanned designs were evolved in this btudy because manned designs
are exceedingly complex and such vehicles will not be available in the near
future for flight at the higher HI-HICAT altitudes. However, a prime candidate
is the YF-12A aircraft at the lower HI-HICAT altitddes. It is capable of
ranges many times greater than that for unmanned configurations of reasonable
size. Much of the instrumentation used for other turbulence programs might be
adaptable. Obviously, it could generate data at much lower costs at its
operating altitudes. Unfortunately, security preients a detailing of the per-
formance of this aircraft. Also, there is a question as to the availability
of this aircraft for turbulence research.

The other vehicle is the AQM-37A drone which is capable of speed and altitude
beyond Mach 3 and 100,000 feet. Its use at the lower altitudes is discouraged
by a range considerably less than the desired 350 riles, by a small payload
capability, and by the superiority of the YF-12A vehicle for the HI-HICAT
mission.
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3.3 PROPULSION SYSTEM

3.3.1 System Description

The proposed propulsion system for the HI-HICAT vehicle utilizes, wherever
possible, components of the AR-2 and the LR64-NA-4 (Rocketdyne Model P4-1)
propulsion system or modifications thereof. The R64-NA-4 rocket engine is
used in tae Navy AQM-37A target missile and has completed over 300 flights.
The jropulsion system consists of a cluster of eight LR64-NA-4 regeneratively-
cooled thrust chambers with increezed area expansion ratio ard a storable
propellant feed system. Modifications to some of the control compcaents is
necessary to maintain low pressure drop in the propellant feed system with
the required higher propellant flow rates. Figure 9 is a schematic of the
complete propulsion system for the lifting body vehicle. The weight penalty
associated with highly-pressurized, noncylindrical propellant tanks is too
severe for the lifting body vehicle and a turbopump propellant feed system
has been added. The propellants are IRFNA and MAF-4 (oxidizer and fuel,
respectively), and the pressurant is gaseous helium. The propulsion system
is divided into two modules, the rocket engine assembly module and the
propellant feed system module.

The integrated rocket engine assembly module consists of a cluster of eight
thrust chambers, an engine mount, two boost valves (one each, oxidizer and
fuel), two sustainer valves, a propellant manifold, an engine electronic
control package, and an electrical cable assembly. The module is identical
for either the parawing or the lifting body system except that a throttle
valve is added to modulate the sustainer engine on the parawing vehicle.
The throttle for the lifting body vehicle is part of the turbopump assembly
and modulates the sustainer engine indirectly by modulating the turbopump.

The integrated propellant feed system module for either vehicle includes a
fuel and oxidizer tank assembly, two propellant valves, two burst diaphragms,
a pressure relief valve, and a start valve. For the lifting body vehicle,
the propellant feed system module also includes a turbopump assembly which
consists of a turbopump, a gas generator, two gas generator valves, and a
gas generator throttling valve.

Propulsion system operation for the lifting body will be conducted in the
following sequence:

1. System Arming. Upon receipt of the arming signal from the aircraft,
the electronic package will arm the firing circuits. After the firing
circuits are armed, a signal will be sent to the aircraft to indicate
that the system is armed and the propulsion system is ready for
vehicle launch.

2. Propulsion System Pressurizing. After launch the start valve will be
actuated, gaseous helium will flow through the pressure regulator and
check valves, rupture the burst diaphragms, and pressurize the
propellant tank.

3. Propulsion System Start. Upon receipt of the propulsion start
command signal, the main propellant valves are actuated and propellants
flow to the gas generator. One second after the turbopump starts to
accelerate, the booster and sustainer propellant valves are actuated
and propellants flow to all thrust chambers. The time required to
achieve 90 percent rated thrust is two to four seconds after actuation
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the ~ ~ fw s@a wies. *s. generator throttling- valves andthe
cigtz*1 stmill re-gulate poerto th turbine. or the pressu-
fed wI~ ''alz gelsIM axsty the-start sequence consists only of
sta;U +.S proieat valves.

~.3=ot 10 L-St~n UWbn the desired boost operating time bas been
adcfam3, a boost tfemtax si~m] willbe received from the Yehicle
Mfl!t chtrc system by the -electmron control Owkne h electronic

ctCpacso ill close the boost valves. ftru fron the
botai Utot Al"; s win decar to zero and the sustainer thrust

cVr il cmftin to operwte at the thrust level, commzded.
5.. Ulanr ftdalg Af tor boost teroelmtion, the sustainer thrust

-#Mil catlxwe to operate throagbout its thrust rmng- as commanded

propemtdplUtiAm ox' ustll cinmnded to terminate by the vehicle
~s ~eza* im v Ml close.

6. tgr" Seum". After aln the thrust clabs baye abut down awd
imic to the Intitb of the paachute recovery sequnce, the
elaztroni ccutrol. Va-ckao iritistes and controls a purging sequence.
rfrst the prssziizg start valve Is closed and the fuel. oxidizer
ialves are opezed f=r a tfx= sufffcient to empty the tank and p~lumbing

adto reftm the pressue in the tsink to one a~twre. After the
aime valves close, the fial systk Is parsed in a similar mnnr.

3.3.2gstinI~rf ce

Ikelzm 3;syfieaa sl, Pigure 10 to 13, have been prepared for the
~ciu~son.system opestIng during the boost pbse and during the su~t&u

5lw)e. It i11 be kom In Section 5.2.1 that eight- rocket cbabers result
Dea - cWA boost JAMrOMMSinie.- Only one sustainer is considered in the
P P-rn anklyvis but, two ma be required for cruisii* at very high or very

3~ckee~gle pefo~a insw determined fron *-l production verification
tests. seterts, 193ich sizlate A~w(-3TA tarfzt missile flight mission
dz:Ly cycl at makdnt conditions., beve been performed on 62- P4,-1 propulsion
rye.=$. Booster prfoc generated during tho~se tests vas extrapolated
to altitude covations Vithi the larger exson ratios priposed *for thisI
E.rCAT rystew. (Ibe A-1 booster bas a 6.1i expansion ratio.)

Sgecific 1%palse var-iations during- sugsaier rocket engine throttling are
m=LA. Iii the perwing systew the throttle valve vill, be-desigoed to

maIntain &. constant mixtuze ratio to the thrust chamber throughomt th~e
throttling- rang. 2boreically., spefiffri=l vfl icra only 2
secnaS for mixtaure -ti. 1 .o -3oS, aW= -PiU in2r'_Aee only 1 second
:ft-_ zliei pmrres from 75- to 300 psia. -In tha lifting body syst, the
saw tbrottllng vaive villbe used to provide A ixtUre ratio Of 0.08 to the
turbqpzx ys ge-berator- and to control sustain thrust -as commnded by
controlling propellant flow to the gas generator . Thrust cbsamber mixture
rzt-o then Is controlled by fixed calibration devices downstream of the
propellant P="R
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The propellant flow required for the propulsion system with a turbopmnp
installed is given below.-

Number of Main Propellant Gas Generator
Chambers Flow Rate Flow Rate

Thrust Firing (3.0 Mixture Ratio) (0.08 Mixture atio.)
5660 lb 8 22.02 lb per second 0.622 lb per second

595 1 2.28o 0.2905

34o 1 1.303 o.o776

During sustainer engine throttling, the rocket, chamber pressure can reduce
to 86 psia at 250 pounds of thrust. The.,chamber injector inlet pressure at
this thrust level is 315 psia. Referring to Figure 14. the maximm propellant
temperature at this pressure is 250*F and 335OF for the oxidizer and fuel,
respectively. If the propellant t~peratures exceed these temperature
limits, propellant boiling will occur and the propellant injection into the
thrust chamber will be two phase (gas and liquid). The two-phase propellant
injection will result in combustion instability or chugging. The oxidizer
will experience a llOF temperature rise through the cooling jacket. There-
fore, the maximum propellant inlet temperature of the rocket engine assembly
must be maintained at less than l1 0F. The fuel temperatuze is not as
critical to combustion instability as the oxidizer. However, if the fuel
temperature is allowed to vary significantly so that there is a large
differential temperature, the mixture, ratio will vary and will result in the
premature depletion of one of the propellants.

3.4 LuNcH sysm

The launch sequence proceeds by the pilot entering the launch maneuver at a
given speed, altitude, heading, and geographic location. He then pulls
up the aircraft through the preset launch attitude angle at which point the
HI-HICAT vehicle is released in a stable attitude from the launch pylon
with the guidance and control equipment in operation. The launch pylon will
contain jettisoning equipment only if detail analysis or tests show inadequate
separation. At this point, a trapeze arrangement which drops down upon
receipt of the launch command appears to be adequate. Propellant tank
pressurization and propulsion system operation begin only when the vehicle
is separated from the parent aircraft by a distance of at least 100 feet.

The F-4C is the preferred launch aircraft. It bas a large store carrying
capacity and considerable excess thrust in the supersonic flight regime as
compared to other supersonic fighters in the Air Force and Navy inventory
ith the possible exception of the YF-12A long range interceptor, an aircraft

whose performance is subject to extreme security and whose availability is
uncertain. A standard centerline store for the F-4C is a 600 gallon tank
which is easily accelerated to high supersonic speeds. The drag and weight of
the recommended HI-HICAT vehicle is less than for this store, which assures
the adequacy of the F-4C store carrying abilities. Figures 15 and 16 are
drawings shoing ground and aircraft clearances with the proposed HI-HICAT
vehicles installed. Note that the vertical fin of the parawing vehicle must
be folded to provide ground clearance. The hinge line is canted so that
aerodynamic forces can force the fin into a down and locked position before
launch.
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A larger HI-HICAT vehicle with a screhat greater range coI he been
designed for a supersonic launch from the B-58 bomber. he cost Of e=r-atIm
this aircraft elminated it from further consideration. StaUes cpleted
by Booz-Allen Research, as reported in Reference 4., generated cwt fioes
for a B-58 bomber operating as a launch platfom for a high altitc.e _ohe.
The probe has a Castor rocket as a first stase and was launched at a speed
of 2000 fps and an altitude of 40,000 feet. Spread oer 60 launches the
'cost for aircraft iaintenanceo fuel, il, crew, and afrcreft modificaticrs
was $14,000 per launch, an excessive figure.

The F-4C is normally equipped with the devices which are desirable or
necessary for an air launch. The aircraft has an inertial n-avigmtio =d
attitude reference system which consists of two separate gro reference
components and a navigation computer. Te inereial =vigaticn set AN/AM-
is the primary azimuth and attitude reference device; it also supplies
direction, vilocity, and distance inputs to the navigation. cp;Vter Mj/AW-46.
The AN/AJB-T is the standby attitude reference caom t and also sulples
information for various bombing maneuvers. The navigation ccapater receives
inputs from either the inertial navigation set or the air data ccmmater.
The navigation computer system makes the folloe-wng ccawtations ng
flight:

1. Present aircraft latitude and longitude.
2. Aircraft groun& track angle relative to magnetic heading.
3. Aircraft great circle distance from base.
4. Aircraft great circle bearing to target or alternate base.
5. Aircraft ground speed.

The bombing computer function of the AN/AJB-T includes a rplease angle control
which is applicable to launching the HI-HICAT vehicle. The low angle control
can be set to angles from 0 to 90 degrees and will automatically release the
store at the preset angle.

3.5 RECOVERY SYSTEM

3.5.1 Design Factors

The HI-HICAT vehicle is designed to be recovered. Drone type vehicles are
sometimes expendable when simple on-board equipment a d. high production rates
permit low unit costs. Unfortunately, the conditions favoring expendability
du not apply to the HI-HICAT system. Another variation of the expendability
concept is to recover only the nose cone unit with the instrumentation and

guidance equipment installed. The recovery package would weigh less, but
otherwise the recovery requirements would remain the same. This concept of
partial erpt-ndability is also rejected since the cost saving in reusing all
systems is believed to outweigh the disadvantage o" increased recovery weight.

Another design decision vhich vas faced was to choose between a parachute
recovery or a glide-down followed by a horizontal landing. Listed below are
the disadvantages of each technique compared with the other.

Horizontal landings:

1. A flare is required just before touchdown to reduce the rate of descent
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The sequence controller will perform the following functions for the recovery
system in the manner stated:

1. Arm the deployment system after the vehicle has passed to an altitude
above the recovery inItiation altitude by receipt of a signal from
the HI-HICAT guidemce and control system.

2. Provide sensing of the predetermined deplqyment initiation altitude
with a barow-sitch.

3. Provide an electrical signal to the wing relea-se device.
4. Provide an electrical signal to the drogue mortar pyrotechnic,

initiating it shortly after the wing release is effected.
5. Pro-ide a signal for activating the chaff package.
6. Provide a six-second tim delay after the drogue deploy signal to

arm the 45,0O-foot barosiitch. This delay assures a safG level of
dyrenic pressure for the main deploy.-nt when the beroswitch is ar=re.

7. Provide sensing of the 45,000 foot altitude point with-a- terositebah.
8. Provide an electrical signal to the drogue disconnect device pyrotechnic,

initiating it, releasing the rain parachute ccrpertment door and deploy-
ing the main parachute assembly.

9. After parachute deployment, the pickup chute reefing line cutter will
actuate, disreefing the pickup chute.

10. Cut the main chute reefing line after the pickup chute disreef, alloing
fu-1 inflation of the main chute assembly.

11. Prcvide an electrical signal to the rain chute aft section release
device, actuatimg it and transferring the parachute attacment to
the for-rd attach point.

12. Provide an electrical signal for disconnecting the parachute, should
the 3aring occur vithout a successful aerial pickup.

Th-e sequence controller utilizes extremely rugg-ed and reliable pyrotechnicI switches to achieve both the electrical su itcbing and sequeutial time delays.
To furter enhance reliability, a dual system is e=ployed such that no single
malfunction will result in a system failure.

The pow.er sup'!es consist of sealed rechargeable nickel-cad=ium batteries,
one for each of the redundant seuoence controllers to assure deDe" -dble
operation in a sp--ce Uvf ment, exact recharging capacities,, and long shelf
life.
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SECTION 4*

STUCTJAL AAL!SIS

41. THMflDMlW4CS

4.1.1 ParavIng Vehicle
A rocket povered vehicle must be flown at high speeds to maintain flight at
extrwe altitudes. High speeds, however, result in a multitude of thermo-
dynanic problems. Table 2 indicates the rapid rise in skin temperature as
the cruising Mach n=ber is inreaseI. These temperatures are based on
radiation equilibrium for an insulated surface with an emissivity of 0.8, and
they wvj"d be closely approached during the cruise. It is evident that there
ill be a tradeoff between a high speed for longer ranges and a low speed in

order to reduce the thebdywamics puroblems to a m .nimun.

Hot spots will exis at points between the fuselage and the parawing where
the radiation viewing angles are restricted. Unfortunately, the temperature
environment for complex shapes is difficult to analyze. "Hot" tunnel tests
will be required for a paraving vehicle which may not be necessary for a
lifting body vehicle.

The design philosjoby being followed is tat heat shield rAterial wil be
used on a few critical areas, 6speciaily the titanium leading edge booes for
the paraving and the hot spots between the fuselage and the parawing. This
naterial can be either passive insulation or an active =aterial which
undergoes chmical or physical changes such as 'ihimation. Detail calcula-
tions relating the thickness of the heat shield materials to the cruise
sped have not been attempted in this study and are best delayed until the
development of a T-HICAT vehicle.

To aid the analysis of the presurization and cooling system, the temperatures
along the fuselage nose cone were detailed-for the most adverse cruise
condition that is likely to be enountered. The paraving, when extended at
the beginning of cruiey rin the vehi4clz at a anglea of attadk as hilh
as 40 degrees at 200,000 feet at _ach 6. The ncse cons skin te=peratures for
ti tion are _iven in Figure 18 where the heating rate was ass~red to
vary radially according to Lee's l"' heating = - - -

k.1.2 Lifting BoCy Vehicle
The radiation e temperatures for a lifting body are Iresented in
Figure 19 for Yzch 3.0 at 70,000 feet and Each 8.4 at 175,000 feet Which
represent two extremes in the flight conditionS. It is evident that the
teaperatureu are extrmly high at 1ach 8.-1 an that this speed is not a
practical cruise condition. However, copared to a prawing vehicle, the
lifting body vehicle has advantages which wu1u4 permit higmer cruise speeds.
For omn, it is a configuration for which a large =nt ofe test data is
av-ilable. Eenme a greater degree of certainty can be establishend for the
Cagitude of the thermal envirorgnt. For anotr, there are no hot spots
such as exist bezveen the parwdig and the fuselage. A-Ad finally, the body
sha is nre compact and it can be protected more readily with heat shield
materials.
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TABLE 2

i I-H ICT PARAWING VWICLE

RADIATION EWILIM Eta VM

Altitude 7D,000 Ft 130,000 In 200,000 Ft

lach 3 4 5 4 5 6 5 6 T

Ange of Atta&] 50 50 50 250 250 2140 300 300 30O

Recovery
Temperature 6Z4F 116ooF 1770OF 1370O F 205o0F 281o0 M10F 2850oF 35ooF

Q-Bal 629 1090 1610 1.00 1530 1950 17O 1470 1760

Paraving 13

leading Edge 590 11 146D 950 130 13 5 11 0 0

Stabil izer 630 112D 1670 I=C 1710 22 1400 1760 21M
Leading Edge

Vertical'Fin 62D 1100 1610 1170 1650 2130 134 168o aa
leading Edge

Fuselage Botto4

X = 5 F 525 860 12O 540 TIO 880 4W90 610 720

X = Ft 515 85D 118 490 6o 800 450 54o 650

Z=Iongitadinal distance fro noise

q-Ball. 2.5 In. -

Stabilizer leading Fde 0.15 45

Vertical Fin leading Bdge 0.3 60

Body 19.0

o,6
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4,2 &TRFALS

4.2.1 Parawing Vehicle

The fuselage of the parawing vehicle, shown in Figure 7, can be broken down
into three assemblies. They are the aft section and control surfaces, the
propellant tanks, and the forwMrd section.

/

The fuselage aft section supports the control surfaces and houses the rocket
engines, recovery system, and control actuators. This section is constructed
of Ti-W6Al-V titanium because of its superior strength-to-weight ratio at
temperatures below 70C'F as shown in Figuxme 20. Inconel alloy 718 (an age-
bardenable nickel chromium alloy) was considered, but as average skin temp-
oratures below 700OF were predicted, titanii was chosen. Structurally, the
aft section is designed to withstand he thrust of all engines and the
various loads induced by the control surfaces. An estinated average thickness
-of 1A tuf -of silica fiber insulation is pxrovided.

nhe aft control surfaces are constructed of Inconel alloy 718 except for their
leading edges and tips. These are fabricated from Hastelloy X (a nickel base
alloy) because surface temperatures in excess of I!400oF are anticipated.

The propellant tank section consists of two cylindrical tanks end to end
sharing one coton bulkhead. The fuel and oxidizer are forced from their
respective tanks by high pressure helium through outlets in the botton aft
part of each tank Hard points are provided at either end of the tanks to
bolt on the parawing. Tne propellant tank shell is welded from PHl3-816
forgings (ellipsoidal ends and con butldead) and PH14-.Ko sheet (cylindrical.
sections). Selection of the rH13-{o tankage structure results in high
strength, a high degree of tousness, and capatibility with both oxidizer
and fuel. In addition, these materials are rslatively easy to achine and
weld and have good high temperature properties. The decision to use these
mt.rials based on a comparison of high-ptrength alloys of aluminum,
steel, and titanium. Titanium cannot be used because it is not co=patible
with the oxidizer. Aluminn. tanks would be heavier than those fabricated
of steel. The use of 17-4P and 17-PH in condition THl!OO is a possibility,
but higher strength can be obtained with Hf3-46 and PHIU-&bA. Yzraging
steel has attractive strength properties, but causes decomposition of
hydrazine-type fuels.

The present tank design calls for an esti ated average thickness of 1A inch
of Azastrong Insulcork 2755 or equivalent. It Is believed the 75 pounds of
weight associated with the cork insulation can be reduced drastically by a
low density insulation wrapped with a protective coating. However, this
possibility was not investigated in sufficient detail for inclusion in this
study.

No internal bladders, screens or other devices are conteplated which would
retain propellants at the tank outlets during negative accelerations. In
caln air, the flight path accelerations are such that a positive load factor
is maintaired at all times. At supersonic speeds, turbulent air is highly
unlikely to result in negative accelerations, even instantaneously.

The forward section of the fuselage includes a titaniun cylindrical shell,
located betdeen the nose cone and the *A-mks, .MAch 'z the bettery pack,

-4
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and the pressurization and cooling system. The forward section also includes
a nose cone of Inconel alloy 718 which houses the instrumentation, guidance,
and control equipment. The forward section structure is designed to withstand
loads induced by the air snatch dur-ng the recovery phase. The nose cone =ist
withstand high aerodynamic loads during the boost phaze along with temperatures
that beco-e very high near the tip. A Hastelloy X Q-ball (see Section 7) is
mounted in the tip of the nose cone. For servicing and calibrating, the nose
cone can be removed to expose the instrtuentation, guidance, and control
equipment which is mounted on a titanium bean. An estimated average thickness
of 1/4 inch of silica fiber insulation is required.

Different size parawings would be installed depending on the planned altitude
for cruise. The mxr=i area parawing is shown in Figures 4 and 8. The
parawing consists of two leading edge booms which are elliptical sections of
Ti-6AI-WV titanium, two spreader bars of L-605 alloy (an austenitic colbalt
base alloy), a combined keel and deployment actuator of Ti-6A!-4V titanium,.
and a single-ply, metal fabric sail. The fabric is woven from fine wire of a
nickel-chromum based alloy having a diameter of one mil or less. Two kinds
of silicone rubber are used, o. fbr impregnating and saturating the metal
fabric and the other for an ablative heat shield. The ablative rubber can
resist extre-ely high temperatures w;i1!e maintaining the temperature at the
interface between the char and parent elastc-er at 11OOoF (Reference 3).

The sail material weighs 0.264 pounds per square foot and has a yield strength
ef 278 pounds per foot. The leading edge booms are designed to withstand
bending loads about the spreader bars and about the hinge pins under a 3g
sail load. These booms are theallz y protected by the sail material wrapped
around their leading edges. The spreader bars are constructed of L-605 alloy
because of their smaU diameter and low vteep engle which cause the stagnation
terrperature to exceed 140F. They holL the leading edge booms in the deployed
attiude And carry prinarily a col,--- coressive 1a. The paraidng keel is
designed to resolve the bending loads at the hinge pins into loads at the
fuselage hard points, and to secure the sail at the centerline of the parawing.
It also serves as the cylinder for the paraeing deployment actuator. The
deployment actuator is operated y high pressure heliu . from the fuel expulsion
system. The actuator Dush rod moves a slide which is attached to the spreader
bars, thereby deploring the paraWing.

4.2.2 Lifting Body Vchicle

The second vehicle that was studied was a lifting body configuration aspresented in Figure 3. Mnis configuration has its lower surface, forward
upper surface, vertical fins, and control surfaces constructed of Inconel
a 2!oy 718. Thiis alloy is utilized because of surface tcmperatures in excess
of 700'F in these areas. Oie aft upper surface, the inner skin and the
internal structure, with the exception of the oxidizer tank, are con-
structed of Ti-6A1-4V titanium. In these areas the expected temperatures

are below 700°F and titanium has a better strength-to-weight ratio. Mhe
vehicle is insulated by an estiated average thickness of 1/4 inch silica
fiber insulation bonded to the inner surface of the outer skin.

i5
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The instrumentation, guidmnce and contzxi1 eqdent Is located In the fo--z--
pat- o f -the vehicle. -The in~dividual co~porae~ts are moAt6d =~ a titaimzi ksel I
for aecbanical support. The* nose can be remzoved Intact,, tbar6.-7 empcsfrg the
equip~ent for easy antaceand cbecko~t. I Fastelky7 X Q-h--a Is ==-Ad

iza Uroft e ixe cone atsdso h ezco

The cont26l surfaces are constm-ucted of Iziconal alloy 718 s~drs =~4 rJ-Ito

burtace skins of Inconel alloy 718 and a bonzyccb co:e
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"='IC 5

SYStM P?3FOSGR.KYl ANALYSIS

5.1 A2RflDiACCS

Supersonic force data are presented in Fges 21 to 28 for both the lifting
body and the parrxing vehicles. The data for the pars-ing is split into
fuselage, win; and tal cccpornents because any size para-Ang may be installed
u. tc a certain maxi=un size and also because of the different trim angle re-
m' e-ents for the horizontal tail. interference drag was sinal! enough to be
neglected. Z.=-e of the data ar-3 presented in terms of the normal force co-
efficient, CN, and the drag at zero lift, CD . The lift and drag coefficient,

CL and %., are easily derived as

91 = 1 Cosa

CD= CD + % Sino
0

where a is the angle of attack.

The normal force characteristics of the lifting body vehicle were obtained from
Reference 5 by assuming that the vehicle could be simulated by a delta wing of
the same planform and dimensions. The drag at zero lift was taken from wind
tunnel test data.

The fuselage normal force data for the parawing vehicle were taken from Ref-
erence 6 while the tail lift and drag data were taken from Reference 5.
Parawing characteristics were taken from Reference 7 assuming a canopy infla-
tion angle of 100 degrees. Since the data in that reference was test data
taken at Mach 6.6 only, it was modified for Mach number by assuming that, at a
particular angie of attack, the test values could be nltiplied by the ratio
of lift for a flat plate at Mach numbers of-1.*5, 2, 4, or 6 and lift at the
reference Mach number of 6.6.

In order to find the tail lift, it was necessary to determine the tail angle
required to balance out the aerodynamic moments about the vehicle uenter of
gravity. The necessary moment data for the fuselage was taken from Referenc6
6. The required tail angles presented in Figure 29 were calculated for the no
wing case. At intermediate altitudes where a small wing will suffice, the
wing can be placed ro as to maintain the same relation between the angle of
attack of the fuselage and the angle of attack of the horiaontal tail. How-
ever, when the largest wing is installed, the same relationship 2annot be main-
tained. For this configuration, it was found that the following formulas for
the lift, L, and the lift-to-drag ratio, L/D, could be used with sufficient
accuracy for the performance qalculations:

L = 1.3L wing

L/D = (L/D)wing

The aerodynamic data takes the usual form expected as the speed increases in
the supersonic regime: The lift curve slope and the lift-to-drag ratio fall
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off generally with Mach number. The resulting lift-to-drag ratios, although
reasonable for the parawing vehicle with or without a wing, appear to be some-
what low for the lifting body, being only slightly above 3 at Mach 4 and 6.
The cross flow assumption used herein for calculating the drag may be. pessimis-
tic, especially at the lower speeds. There is, however, no test data for
lifting bodies at tha. speeds of interest and the present data is applicable
only to hypersonic speeds. A development program for a lifting body vehicle
should provide for detailed aerodynamic analysis and wind tunnel tests on
variations of the lifting body shape to achieve higher lift-to-drag ratios.

5.2 PERORMAINCE

5.2.1 Boost Performance

Boost trajectories were calculated for both the parawing and the lifting body
vehicles for a variety of inttial weights, final weights and launch angles.
A Lockheed computer program was available, Reterence 8, which was readily
adrptable to the study. It incorporates thd normal trajectory equations for
a point mass and includes refinements such as allowing for a spherical earth.
The program adjusted the rocket thrust level with altitude so that it approxi-
mated the variation indicated in Figures 10 and 12 (for eight thrust chambers).
The drag was derived from the expression CDo Sq where CDo is the drag coefficient

at zero lift, S is the reference area and q is the dynamic pressure. Small
variations in ^and S would result from the installation of different sizes of

0

parawings which would be folded back along the top of the fuselage during boost.
This variation has only a small effect on boost performance and was not ac-
counte& for.

The launch maneuver is a pullup from level flight to the req,ired launch angle
and always begins at the same entry speed. and altitude. An entry altitude of
35,000 feet was chosen since the launch aircraft, an F-4C, is known to achieve
its best supersonic acceleration rate with a 600 gallon tank as a centerline
store at altitdea near 35,000 feet. The selectLon of the entry speed was also
based on the supersonic acceleration of the F-4C aircraft with a 600 gallon
tank. Higher speeds are possible, but the chosen velocity of 1900 fps is be-
lieved to be about the highest practical.

Speed will be lost and altitude gained during the pullu- to the launch attitude
angle as shown in Figure 30. The loss -a velocity during the pullup to launch
is taken to have a value somewhat less than that for an F-104 aircraft launch-
ing two large rockets from its wing tips. Less velocity loss exists for the
F-4G aircraft because the F-4C has rore excess thrust than the F-IO. The
F-I04 data was obtained fror, computer trajectories and is available in Refer-
ence 9. The load factor dur.ng the pullup would be 3g, the maximum that the
HI-HICAT rehicle is designed for. The altitude gain was also taken from the
r-10 data but no allowanue was made for the higher excess thrust available for
the F-4C since the difference is minimal.
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Figure 31 presents a typical time history of a high speed, high altitude tra-
jectory. These trajectories were calculated for the case where the sustainer
enggine is shut down until the cruise altitude is reached. However, the
propellant feed system can be simplified if the sustainer is not shut off and
a positive logitudinal acceleration is maintained. The difference in boost
performance would be minimal.

Plots summarizing all the boost trajectory data are presented in Figurer 32 and
33. The mass ratio given in the figures is the ratio of the wrights at the
beginning and end of boost. Note that the lifting body vehicle takes slightly
more propellants to reach cruise speed, because both weight and drag are
slightly higher.

Calculations were completed for both eight and nine thrust chambers for the
parawing vm icle. Tbhse computations indicated the increase in performance
resulting from the addition of another chamber was small and that eight was
near optimum. Calculations were also completed for two different initial
weights, 2507 and 2724 pounds, again for the parawing vehicle only. The
difference in performance was too small to be plotted in Figure 32.

5.2.2 Range
The cruise range was computed from the formula

R = IV It (Cos a) + Sin a] .og (Wo/ W 1)cruise

where R is the range, I is the specific impulse, V the cruise velocity, a
constant, and W and W are the vehicle Veights at the start and end of

cruise, respectively.

Since each calculation was completed at a constant angle of attack, a cruise
climb condition results in which the altitude increases as the weight of
onboard propellants drops. The results of these calculations are presented
in Figures 34 to 36 where the altitudes indicatea are values obtained at
about the mid point of the cruise. The mass ratio in the figures is defined
as the ratio of the vehicle filled with propellants at the start of the boost
to the weight empty. Hence these plots have taken into consideration the
propellants used during the boost.

Range was calculated for only the no wing case and the case where the largest
parawing is installed as plotted in Figures 34 af2d 35. The parewing vehicle
with intermediate sizes of parawing will achieve ranges greater Than those
presently plotted at altitudes between 130,000 and 170,000 feet.

The range plots indicate higher cruise speeds should be selected at the higher
altitudes. Part of the increased range at higher speeds is due to the con-
siderable increase in range possible by allowing the HI-HICAT vehicle to de-
celerate at altitude to Mach 1.5 or to an angle of attack of 50 degrees. The
maximum attitude angle was selected arbitrarily but the Mach 1.5 condition
exists because the recovery requirements and the desire not to fly at tran-
sonic or subsonic speeds.

65

oi



cJN

E8 ---

m 4--wo Nois1-cldo is C

_~ 00E

0. 2
-- c w 0

w cm d 000

savntiL4d

660



cn z
ool 0

Ln or-
cmI

0

0 8

U1rf)

.L33.d d-o SaNvSnoHJ.. 43cinLLL-IV NV39OdYf

67



0-%

cl~

zz
m0

IjIN

_ _f U),C

I A

4m0-i samvsno~l-Uacn.LLV1V NV3EOdV

68



800

700 

-MACH___ 

__ 

6__ _ _ _ _ _

600

400

RA-I

300

zI

00

0 50 so) 150IS 200

ALTITUDE, THOUSANDS OF FEET

FIGURE 34f. PARAWING VEHICLE WITHOUT WING, RO~GIE

rURflG CRUJISE MND DECELERATION

69



4010

'MAS

i ' ii

300 ATI

I- / MS

z

!00 11
I -

o0 50 100 50
ALTITUDE, THOUSANDS OF FEET

FIGURE 35. PARAWING VEHICLE WITH LARGE PARAWING, RANGE

LURING CRUISE AND DECELERATION

70



700

600

5) 00

MACH64

3 00

S200

3t 0 3.0

0
0 50 l00 I50 200

ALTITUDE, THOUSANDS OF FEET

FIGURE 36. LIFTMlG BODY VEHICL;E, RANGE DURIN~G CRUISE AN~D DECELERA2ION

71



The range available during deceleration is indicated in Figure 37 for the
lifting body vehicle. This range is important at higher speeds since it is
increasing as the velocity squared as indicated by the relation

dR= V dt = v = 1/2-!- 2

where

D

and where a is the longitudinal deceleration and g the acceleration of gravity.

The weight statement of Section 9 indicates mass ratios of 2.77 and 3.24 for
the parawing vehicle with and without the large parawing. The mass ratio
is defined as (Wo /W1 ) overal

where

Wo p= + Wh + W1

W and W are the weights of the propellant and helium, and W and W are the
p Wh o 1

full and empty weights, respectively. Unfortunately, in deriving the mass
ratio for the lifting body vehicle an allowance must be made for the propell-
ants consumed by the turbopump. The parawinr vehicle uses a highly pressurized
tank and does not suffer this particular decrement in available propellants.
This consumption of propellants averages about 6 per cent (125 pounds of
propellants) of the total propellants used, making the effective mass ratio
of the lifting body vehicle about 2.7.

Using the above values for the mass ratio in the range plots would lead to the
conclusion that greater range can be achieved with the parawing vehicle. It
should be emphasized, however, that the aerodynamic characteristics of the
lifting body vehicle were not optimized and that, indeed, superior versions of
the vehicle are being continually developed.

5.3 STABILITY

The longitudinal and lateral stability of the lifting body configuration that
was used for this study has been demonstrated by test data. This configuration
has static stability and requires trim type actuators only.

The longitudinal stability of the parawing vehicle has been investigated in a
preliminary manner by analyzing the stability of the vehicle without wings and
with the maximum wing area, The method of Reference 10 indicates that at low
angles of attack the wingless vehicle will be longitudinally stable at all the
Mach numbers of interest. At higher angles, the stability was investigated by
increasing the vehicle angle of attack from the trimmed conditicn while hold-
ing the angle between the tail and body fixed, then determining whether the
resulting force on the tail and body was such as to bring the vehicle back to
the original angle of attack. The results of the analysis indicati that
although the vehicle has longitudinal static stability with the mascimum wi;p
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area, it will be statically unstable at high angles of attack, exceeding 10

degrees, if flown without wings. This instability can be corrected by in-

creasing the size of the horizontal tail fins. However, it should be noted

that even when the vehicle is unstable it is still controllable (with an

autopilot) since the horizontal tail angles required from trim are not ex-
cessive. This situation is not uncommon in missile designs.

The lateral stability of the wingless parawing vehicle has been investigated
using the tail data of Reference10 and the centers of pressure data for the
sideslip forces, Reference 5. It has been established that the wingless
vehi.le is stable to lateral deflections. Since the center of pressure (for
lateral forces) of the wings will be behind the vehicle center of gravity,
the winged vehicle should also be laterally stable.

Roll stability of the winged vehicle should not present any problems, as the
momont due to the vertical tail will be balanced by the moment due to the
pqrawing. However, if the vehicle is flown without a wing, the fact that the
vertical tail is on the bottom tends to make this version of the vehicle
inherently unstable during rolls. Since the entire area of both hoiizontal
tails can be moved separately, this roll in& ability can be controlled by
pitching tb , horizontal tails in such a manner that they provide a moment
that baleaces the roll moment due to the vertical tail.
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Trhe gaid.ce &6 cotrol sysebm =t ste:-ablize the -eb'cland rawigate it to
a pedetmird 2cca"icm wittin r neof the rec==7 aircraft. Cz==d
geid--=e sytems, tz vrese:tly =sed in tmr'et & as, d~e~d =o rador xs
a ftee n.k link wbi" d-tects the error e- teen the rehic Ie's ositicm P the
&-sired positio so that the o=per=at cg- tr==smit signals to the
Vehcle Is s em-.ot cnmtrol systelm =d cntrol its speed, P0 tit e, beading cr
attitude. , hagrever, caOt prvide data of Snfficienmt a=cracY to
mear=e veticle moticus de to tbc1 of I fps as reapired f r tWis stmiy
at the high fteqyrees of interest (of the order of 10 cus). This failirg is

r=S o aou ritutlreand other diffi cW 1ties uhich limit ac~zdes to
a few rrect rer ali'Urn (Befere 11) fr eie tbe Moe. scuisticated Ofr

zan tct ds S=Ch am ---g=Met inicates the e artef .ing P
A1 m cboard gaaidat'en system since sec of thf redu'ed Ucb- for
instr tati m can then be edith the guiamce eipmlrt.

An i2m ti y naigation system wil- be p.n to b1. e Preticl in this study. It
is a system wd ch can be h'mpetela ingepeandt of intellience radiated rcm
the groun. However, it is deemed wise to proid fcz groizd cntrol coands
to oper-ide t fro fa the iesertial eauiet i the interest of increased re-
liabi 'sy. A oittedly, adnitionl costs will be incurred 'by requiring radarz
ador teeneteripg receiving stations, but it is better to rovide for a

Amti -14 hreuirssr -.1-~tiv'ely, _i_ _e v ehicle eouiment 1hnt try to add
tis function at, a lath,- date.

An inertial navigation system is se1 s-ccntained and all the date necesry f or
navigation and control of the vehicle in flight, is calculated and prograKaed
into the systens ccuuter prior to launch. The inertial navigation system
can then determine- deviations in heading and attitude, and anton-aticaflly

operate the control surfaces to stabilize the vehicle iund correct its course.

Since precision cseuting is not necessary for navigation or n-flight coniol,
it is not necessary t- install a large ccr uter in the- vehicle. A snall
cotuter and inertial platform with arecision senors to provide data for tele-
setering and guidance is aJJ that is necessary. Surh s all inertial systems
called LCI (Low Cost Inertial Navigation ... sterns) have been developed recently
by a number of cocjpanies sucih as Teledyne, Lear, and Kearfott.

These inertial navigating systems are smaqll and lightweight. The Teledynej
system which was selected for this stud- veighs only ten pounds. It consists
of three units; an inertial sensor, a smmll reference ccrmixter, and a power
supply in a single package az ilustrated in Figure 38. The system charac-
teristics are listed in Table 3. A small inertial platform is the heart of
the system and weighs only 5 pounds. The stable element consists of gyros |
with two degrzes of freedom and three accelerometers mounted in a four-gimbal
arrangement.
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At altitudes approacb -  0 feet, the atmosphere is too thin to m-ke
pressure altitude mea. . with barometric altimeters. By integrating the
outputs of the platf. rtical accelerometer as shonm in Figure 39, the
altitude can be calcu>..-a. Integrators used for this pur-pose are subject to
drift and produce an altitude error which increases with time. Usually an
external reference such a- a barometric altimeter is used to damp the altitude
integrator output. The integrato.r error is limited by the short duration of
the HI-HICAT missions, and if a barometric altimete" is used to damp the inte-
grator signal up to 70,000 feet, the altitude drift error is limited to approx-
imately 5000 feet rms at 200,000 feet altitude.

6.2 GUIM4CE SYSTE2

Figure 40 is a simplified functional block diagram of the Teledyne inertial
guidance system and the control system for the parawing configuration which
has two horizontal stabilizers and one vertical fin. Figure 41 is the block
diagram for the lifting body configuration which uses the same guidance system
but uses a control system for two elevons.

The two gyros on the platform provide a three axis space reference for the three
accelerometers which detect errors in the desired flight path by measuring
lateral, longitudinal and vertical acceleration during the vehicle's flight.
A computer is necessary to calculate vehicle position relative to earth's co-
ordinates. Attitude reference signals are obtained by torquing the vehicle
platform to maintain a local vertical.-., With such local vertical sensing
systems the synchros on the gimbals provide a direct readout of the vehicle
attitudes which can be used directly by the flight control system. The atti-
tude signals are used by the servo actuators to maneuver the control surfaces
and correct the vehicle's course. Summing amplifiers add the pitch and roll
signals so the horizontal stabilizers can control roll and pitch together.

For gust measurements a constant vehicle speed is desirable. Figure 42 is a
block diagram of a velocity and rangc control servo. The vector sums of the
platform X and Y accelerometer signals are integrated to obtain vehicle actual
velocity. This velocity signal is compared with a preset velocity signal and
the difference produces an error signal which controls a servo mechanism oper-
ating the engine throttle to increase or decrease vehicle speed. This same
block diagram also illustrates one method of shutting off the engine as it
approaches the recovery area. The actual distance traveled by the vehicle is
obtained by integrating the acceleration twice and comparing the results with
a range signal in the computer. When the distance traveled signal becomes
greater than the preset range signal, it is amplified to operate a solenoid
type propellant shutoff valve.

6.3 CZMMAND SYSTEM

There must be some method provided whereby personnel conducting the tests can
abort the mission at any point should conditions warrant. This will require
a command receiver, decoding circuitry and some type of input into the contrcl
systems. By transmitting the proper command from the ground, the launch
aircraft or the recovery aircraft, the HI-HICAT propulsion system can be shut
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down. Also other commands can be provided as desired but these are presently
limited to a heading change and recovery initiation override only. The engine
shut down function is required as a safety measure in case the vehicle should
fly off course towards a populated area. A block diagram of a command system
is given in Figure 43.

Since the command link Is required, it would be relatively simple to provide
a multiplicity of commands at very little additional cost.

6.4 CONTROL SYSTY14

The control surfaces of the HI-HICAT vehicle are manipulated by individual
rotary or linear electro-mechanical servo actuators. The parawing config-
uration uses three rotary actuators, one for each fin, and the lifting body
configuration uses two linear actuators, one for each elevon. The electro-
mechanical actuators were selected over other types because of their avail-
ability and the ease of supplying power for tem. Hydraulic or pneumatic
actuators operate o.1 high pressure oil or air supplies which would necessitate
the installation of pumps, accumulators, filters, tubing and regulators in
the vehicle. All these components are heavy and costly and more difficult to
install and maintain than a battery pack. Also hydraulic and pneumatic
components are usually custom fabricated for each application.

The Lear-Siegler electromechanical servo actuator is currently available in
many sizes and shapes, and the present HI-HICAT vehicle designs employ several
of their models. These actuators utilize a magnetic particle clutch. The
magnetic clutch is a versatile control element which can be easily controlled
by conventional circuits. Clutch type servo actuators have high torque to
inertia ratio because the motor and clutch input shaft rotates coninuously
and only the inertia of the clutch output shaft and load must be overcome
during acceleration. Precision control is obtained with a simple controller-

amplifier arrangement in which the force output of the actuator is linearly
proportional to very low level input signals from the navigating systems.
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SECTION 7

I1STRUMENTATION

7.1 DATA REQUIREMENTS

The purpose of turbulence research is to describe the magnitude and direction
of the wind velocities over a certain spectrum of frequencies and to define
the meteorological conditions. Turbulence could be measured directly if the
direction and magnitude of the relative wind could be measured by fast re-
sponse instrumentation installed aboard a flight vehicle which is itself not
affected by turbulence. Unfortunately, no likely vehicle configuration can be
conceived which will not respond to some extent to the long turbulence wave-
lengths. However, instead of measuring the vehicle motions directly, a system
can be imagined with a sophisticated guidance and control system which would
control the vehicle in such a manner that it would fly a straight line in spite
of turbulence. Such a concept is rejected since the complexity of such a
novel, sophisticated guidance and control equipment would greatly exceed the
comiplexity of the extra instrumentation otherwise required.

It is usual to separate the measurement of relative wind into airspeed and
flow direction measurements. Customarily, fast response airspeed instrumenta-
tion is not installed because of the technical difficulties involved and be-
cause past investigations have shown little difference between the longitudinal
and lateral turbulence spectrums.

At intermediate and long turbulence wavelengths, the vehicle responds to gusts
and such responses must be measured in order to calculate the "true" cast
velocity relative to earth coordinates. The motions of a vehicle can be
measured by external means such as radar or with internal instrumentation
carried aboard the flight vehicle. Radar (and optical systems) -must be re-
jected because atmospheric turbulence and other difficulties prevent detection
of the fine scale vehicle motions as di 3cussed in Section 6. 1. It will be
shown that inertial instrumentation, namely gyros and accelerometers, can pro-
vide the desired accuracies.

It is also customary to measure both atmospheric pressure and temperature
along with the turbulence parameters to better define the meteorological condi-
tions associated with turbulence. Unfortunately, the measurement of atmos-
pheric temperatures has proven impossible to accomplish and no free air temper-
ature instrumentation is included in the HI-.HICAT design.

7.1.1 Flow Direction Measurements

7.1.1.1 Accuracy Requirements
The major task to be accomplished by the HI-HICAT system is the measurement of
wind gust velocities at altitudes from 70,000 to 200,000 feet. The present
contract specifies measuring a 1 fps rms velocity out to a maximum wavelength
of 75,000 feet, The minimum frequency of interest can then be calculated from
the maximum wavelength by assuming the HI-HICAT vehicle is flying through
"frozen" turbulence, a common assumption. The contract does not specify a
minimum wavelength or a maximum frequency. In this study a maximum frequency
of 10 cps has been chosen in order to obtain a bandwidth comparable to past
turbulence investigations.
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The error analysis proceeds by assuming the vertical velocities and the
attitude angles are small compared to the calm air flitght velocities. The
design points shall be Mach 4 at 70,000 feet and Mach 6 at 2U,000 feet. The
diagram below shows the relationship existing between the various velocities
and angles involved.

_jtAV

Vaa ztoV A z

HORIZONTAL

From the diagram, the basic equation describing the kinematic relation between
variables can be written:

AWz = VaAY i- AVz

AW z = V 8c - vdNe + Avzz a dt

= Va"- VaAO + S a

where:
az  = vertical component of body acceleration

t = time

V = vehicle velocity relative to earth axis

Va = vehicle velocity relative to wind axis

Vz  vertical component of V

W = wind velocity ralative to earth axis

Wz = vertical component of W

= angle of attack

Q = pitch angle

Y '- 0-a

and where small perturbations from a calm air flight path are considered.
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a dA sin ca t

;epertre c onitions is toen pec estitatin in tei third ir m
i t e ga z ict f y i e l d s-A C o t

for the tie,, vrinicanent. Hence the recis i n eouied of an accelero-

=eter increases as the fretmy decreases. a t oe h iir freqe cy is

w~= P2rf = 2v3W 0.33 radians per secondI wher 75,00 feetis1th longest turbulence ;mavelength of intmvest and 3880
fps is the m-Ininir design velocity. Omerefore,

AZ = 0.5 X 0.33 = 0.165 fpsP = 0-005g (Cosoat 1)

an accufacy relatively easy to neeet.

Irote that the error analysis above is readily adaptable to the horizontal
lateral velocities and will lead to the same requirements for accuracy.

The recxomended system as discussed in section 7.1.1.3 is capable of measur-
ing .8 fps rins gust @ Meah 4~ and 70,000 feet. It also meets the 1.0 fps rws
gust requirement at Mach 6 and 200,000 feet.

7.1.1.2 Types of Flow Direction Sensors
Flow direction sensors having a reasonable degree of practicality under high)
temperature conditions r-ely on a pressure differential which is measured
either directly or indirectly. Rejected itmmediately is a turbulence sensor
being developed tvhich is a variation of the hot wire anemometer where the w~res
are not exposed but are mounted flush in the surface of a probe. Also rejected
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CLr lift cu .e Slope
= angle of attack

q - dynaic pressure

S - vane areaI = ivot-to-vee lene .

/0 density of vwe mter-ial
ta.7- average thickness of vane.

The & g term was left out of the above equation b .cau e it will have
little effect on the order-of--_gnitude analysis to fellow. Also, note that

the taass of the vane support is ignored and that the vane dimensions are
considered --all compared to the pivot-to-vane length. The aboveequation

then yields a natural frequency.

At frequencies above the natural frequency the response of a second order
system starts to drop off rapidly because of inertia.

The lift curve slope at high supersonic speeds can be approximated by the
relation

CL  = P
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which Is abot cz at Ach &t &=d two-thirds at Mich 6. For nickel and ro 
bas.e anoys 631., ties of 0.3 lb per ca In. -.16 lugs pqr cuL foot are
typcal. A typicl -ar thicmss and pivot-to-Tane length might ):e 3 X
10" feet and 2/3 feet, respectively. Using these 7alues the naturl
fre.amcy b s f - W/2 -0 Cps at 70,0O feet ard 3.3 cps at 200,000
feet.

Me respo-ne of bth weatb-ercockiO shapes such as a blunted nose cone
vcald probably be vrse. Beference 12 presents a frequency response eurwe
for a typical aerodynamically drive!na nasr with a response worse tban that
indicated by- this analysis.

It, might be supposmid that the dynamic response could be improved by going to
werysmall vanes bat the friction in existing readout devices discourages
this approach. Sze retoring torque of a vane equals

"a -o

Ass=.ng = 1/3 feet as before and S = 1/50 s ft, t torue bcomes
0.6 x 10 and 0.4 x !w-5 ft-lb at 70,( and 200,0 feet, -espectively,
for an angle of attack variation of 0.005 degrees. There are two ways of
reading out the iivot shaft attitude angle to the resolution desired over a
total angle of attack range from 0 to 50 degrees. These are a two-speed
synchrc or a special gear arrangement and a precision potentoeter. The
torque required for a synchro is less than for a otentideter. The min-hm
toroue to overco-e the bearing friction falls between 2.5 X 10-J. and 2.5 x
10- ft-lb. With a ge:&r ratio of 10:1 for the second synchro this becomes
2.5 x 10-3 and 2.5 x 10-2 ft-lb. At 200,000 feet the required values are
far re-oved fro_ the torque available values indicated above.

The above tvo arguments and the problem of finding suitable vane and pivot
materials for the high temperature environment discourages further considera-
tion of moving vanes unless a new and radic6lly different kind of readout
device can be invented.

Attention is now directed to fixed and sdrvoea sensors. The technical
advantages of a servoed sensor -an be demonstrated if the following arguments
are considered:

1. For each fixed sensor configuration there is an equivalent servoed
sensor.

2. A fixed sensor measures a magnitude while a servoed sensor requires
only the detection of a difference in either pressure, force or
displacement, either plus or minus. At a wide variety of altitudes
and speeds, ample torque is available thiough the servo device to
drive the readout device with a resulting improvement in accuracy.

The above arguments would seem to rule out fixed sensors; however, their
greater simplicity must be weighed along with their ability to provide a
high degree of resolution at their design dynamic pressure if the raximum
quantity to be measured is small. A compromise design has evolved for a
one-axis Q-ball which would he servoed for angle of attack measurements only.
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Such a design is possible since the angle of sideslip will vary through a much
smaller range of values than the angle of attack which has a large nonturbulent
co-onent that is dependent upon the cruise attitude. The small range in the
angle of sideslip permits rloying a differential pressure transducer with a
high degree of resolution.

7.1.1.3 The Reco-endd Flow Direction Sensor
Figure 44 is a drawing of the proposed design. The nose is a 2.5-inch diameter
sphere and the afterbody is part of the nose cone of the HI-HICAT vehicle. The
sphere is capatie of *25 degree in pitch about a nominal +25 degrees. The
array of pressure ports on the sphere is equivalent to that on the X-15 Q-ball.
Six pressure ports are used: three differential and one absolute pressure are
measured as required in the determination of Mach number. pressure altitude,
angle of attack, and angle of sideslip.

The pressure transducers are capacitive types as used on all previous Q-balls.
The transducers perform as required for the measurement of flow direction and,
in addition, have demonstrated resolation and stability properties consistent
with the attainment of the severe 0.005 degree short time accuracy.

The sphere actuation sy' tem is made up of a servo motor driving a gear train
whose final sector is puasbrod-connected to the sphere. All the gears are
spring-loaded to prevent backlash. A synchro is located at the next to the
last gear to provide an amplified sphere position readout.

The electronics, power supplies, amplifiers, demodulators and other circuitry
are all located in a package aft of the transducers. The components will be
mounted on rough boards stacked up within a cylindrical housing. Figure 45 is
a block diagram of the electronics. Power required at 28 volts dc (direct
current) is 22 watts for the electronics.

Other power requirements will be converted internally from the 28 volts dc.
Four hundred cycle power is the primary frequency expected; however, higher
frequency excitation may be required for the transducers, depending upon the
exact models chosen.

The philosophy to be followed in the electronics is one of utilizing proven
components of the most up to date (and additionally, miniaturized) types
available. Where integrated circuits are used, they will be of available
types: special circuits are not anticipated. Clearly semiconductor devices
will be used as active circuit elements throughout. Military quality parts
will be utilized.

Servo analysis shows promise of resolving and correlating the angle of attack
over a time of 20 seconds within 0.005 degree. The dominant dynamic behavior
of the servo system is nominally that of a second order system with a resonant
frequency of about 6 cps and a damping ratio of 0.5; thus the amplitude ratio
for a sinusoidal input is "flat" within 3 db out to about 7 cps. Hence, the
present design does not achieve the desired goal of 10 cps or higher within
the limits of already developed components. Study should be conducted to dis-
cover if components of new design could substantially improve the response of
the Q-ball system.

9o



ILI
ZMU)

14

EEni I
w W

ton
_ _ _ _ %c_ II L

oz W3.:
r-

WUnc
IL oft 60

-i 0

0 o

0 -0

93.



o 0z
<aAc

0 00
0a

0 us0

z ul 0

0
aAn

I _i

aut0

0~Z L U 0

en 
-2-

I z
-IO

gig It

0 0

0 0O
Ou 0u

z z
<C0< 0

V) u) U)LUU

0

f f

0. 0
S N

92



The Q-ball systen is not gain compensated. Since the error signal is a
pressure, the anticipated dynamic pressure level nist be set prior to flight.
The system will operate satisfactorily at dcamic pressures greater or less
than the pre-set level by 40 percent.

The sphere rate capability is 320 degrees per second, which corresponds to
tracking a wind shear of 5.6 per second Reference 13 indicates a probability
of 99.9 pexcent that the wind shear is less than 0.06 per secoud for a wave-
length of 985 feet.

7.1.2 Flight Data Measurents
Two pressures on the surfame of the Q-bali are measured, an absolute pressure
and a differential pressure. The absolute pressure is Zroa a port located 70
degrees from the nominal airflov direction while the differential pressure is
between this port and one located at 0 degrees. Since the sphere position is
mr litained constant relative to the aiifidv direction, these pressures are in-
dependent of the vehicle attitude and their ratio is a unique function of YAch
number. Therefore, a solution for Mach number exists. Then, given Mach number
and one of the two measured pressures, there are unique closed solutions for
other air data parameters, including dynamic pressure and static pressure.

Figure 6 of Reference 12 illustrates accuracy curves derived from X-15 flight
test calibrations. The errors are large at the high supersonic cruise speeds
anticipated because of the "Hach freeze" phenomenon even when account is taken
of the conservativeness of the data. The figure shows errors of 7 and 20 per-
cent at Mach 4 and 6, respectively, for static pressure and errors of 4.5 and
10 percent in Mach number.

The above discussion illustrates the fact that the true speed of the HI-HICAT
vehicle should not be derived from Q-bali measurements. Rather, this data must
be obtained from the inertial flight data system which is described in detail
in Section 6 of this report. The function 4n the flight data system which
generates the flight velocity should be accurate to about 1 percent, assuming
the maximum turbulence velocity to be measured is 100 times the -inimum.

The other flight data measurements of interest Ore the pitch, roll and yaw
angles and the longitudinal, lateral and vertica3; accelerations. These
flight path parameters could be obtained from the inertial navigation system. -
However, the accuracy of the synchro transmittets used to read out the attitude
angles is an order of magnitude below the instrumentation requirement, Modifi-
cations of the existing platform gimbals to add precision transducers would re-
sult in a long and costly development program. An alternative is to provide a
cluster of precision rate gyros and integrate the signals with ground base com-
puters for the ac attitude angles. The recomneoded package is a cluster of
three high precision instrument sensor gyros and three vernier range extenders
used to obtain accurate angular rate data aroun& the pitch, roll and yaw axis
of the vehicle. The package contains three Systron-Donner Model 8140 precision
servo-torque-balance, dc rate gyros capable of resolving angular velocities of
0.00015 degree per second and three Systron-Donner Model 4106 vernier range ex-
tenders. Since 8 = we and since ,) = 0.33 radians per second is the minimum de-
sign frequency, e = 0.00015/0.33 = 0.00045 degree and ample capability is pro-
vided for meeting the requirad accuracy of 0.005 degree.
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Qatisi-static (do) attitude angles must also be measured in order to transform
the acceleration and wind velocity components from body to earth axis and vice
versa. Thete are obtained, with a satisfactory degree of accuracy, from the
inertial navigation system distessed in Section 6. This system is also
capable of nroviding acceleration data to the required degree of accracy over
the entire frequency range of interest, from do to 10 cps.

7.1.3 Airfrme and Subsystem Measurements

To provide a check on airfram-e and subsystm performance, a number of data
channels should be included for engineering parameters such as subsystem
pressures and temperatures, structural strains and temperatures and a number
of simple on-off type of events. It is expected that all engineering
parameters can be instrumented with stcndard equipment and there will be no
requirement for additional development. Extreme accuracies are not necessary.
The engineering parameters to be measured can be reduced as the program
advances through the development flight tests until a full set of meteor-
ological parameters can be measured. In this na .er the number of channels
requiied can be reduced to a minimm.

7.2 DATA CONDITIOHIG EQUMPMU

By proper selection of transducers, excitation voltages, and pre-conditioning,
the transducer outputs can all be developed as a do voltage which Is a linear
function of the measured parameter. The dynamic range and scale factor of
each of these signals must now be adjusted to fall within the 0 to 5 volt
input range reqidrement of the multiplexing equipment. Isolation is also
needed to prevent electrical loading of the transducers which would adversely
affect their accuracy. There are three generally acceptable methods by which
this can be accomplished. One approach would be to reduce the amplitude of
all signals, by using resistor divider networks, to a 0 to 20 millivolt range
and use low level commutation followed by a single amplifier to establish all
commutated (multiplexed) data at a 0 to 5 volt range. This method is not
considered to be optimum since low level signals cannot be measured to a high
degree of accuracy due to inherent system noise. A second method would be
to supply a do isolation and scaling amplifier for each measured parameter to
properly scale the measured parameters to be within the desired 0 to 5 volt
scale for high level commutation. This method would provide for optimum
to the extra equipment and power required. The third method is a compromise

which would provide for both high and low level commutation within the
telemetry module and condition the signals which do not need to be 20 milli-

volts or 0 to 5 volts. In this case low level signals which do not need to
be read to extreme accuracies can be low level commutated with a resulting
reduction in equipment. This method is recommended as being the optimm for
the HI-HICAT system.

A typical bridge circuit followed by an isolation and scaling de amplifier in
illustrated in Figure 46. In some cases the overall dynamic range cf maesuz-e-
ment of a parameter is too great for sufficiant resolution to be obtained from
a single output range of only 0 to 5 volts. In these cases it is recommended
that a range extender be employed to provide both a coarse and a fine data
channel. Figure 47 illustrates the major components ot the range extender
unit. The range extender functions as follows. The output of the transducer
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is amplified by a dc amplifier. If no additional circuitr'r were-used and the
transducer output varied over a wide range, the output of the amplifier iAd
be crickly driven from saturation to cut off. However, as the output of the
amplifier approaches either limit, one of the voltage comparator circuits will
function to open a count up or a count down gate in the up-down counter. This
action will allow a clock pulse to drive the counter either up or down depend-
ing on which amplifier limit is being approached. The output o. P the counter
is fed to a digital-to-analog converter whose output is fd through a dc ampli- r
fier and a summing resistor to the input of the first dc amplifier. The polar-
ity of the converter output is selected to be opposite to that of the trans-
ducer output. The action of this circuitry is to shift a small, amplified
range of measurement anywhere within the large dynamic range of the measured
variable. Thus by observing the converter output as a coarse data channel and
the operational amplifier output as a fine data channel, accurate measurements

over large dynamic ranges can be made with a minimum data channel resolution
.s illustrated in Fieare 47. The. only limiting factor to the overall resolu-

tion is the system noise level.

7.3 DATA STORAGE AND TRANSMSSION

7.3.1 General Requirements

Once having provided the instrumentation necessary for the measurement of all
pertinent parameters to the accuracies stipulated by the mission requirements,
it becomes necessary to provide some means of trhnsferring these data to the
ground for complete data reduction and Analysis. These data can either be
transmitted directly to the ground in real time, or data can be stored in some
fashion aboard the vehicle and recovered on the ground at the conclusion of

the mission. Regardless of the methods used, care must be exercised to assure
that the transmittal method selected do's not in any way deteriorate the accu-
racy of these data.

Since the vehicle is to be recovered at the end of each mission, it would be
possible to store the data aboard the vehicle. The obvious objection is the
possible loss of all data should the vehicle be lost. A telemetry link with

the ground could be used which would assure the reception of at least some
data whether the vehicle was recovered or not. However, this method requires
more equilpnent either on the ground or in the launch and recovery aircrafts,
or both. Both methods are considered in the following analysis.

7.3.2 On-Board Data Storage

Digital data storage for a 10 to 15 minute flight requires a capacity of better

than 13 million bits. Although there are numerous methods and equipmenT

available for the storage of digitized data, only the magnetic tape recorder
is considered practical because of the large v4-lume of data. Magnetic tape

recorder technology is well advanced and there are a number of units avail-

able which have been especially designed to withstand environmental
conditions far more severe than those expected for the HI-HICAT mission.
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If the data were to be recorded in analtg form, a typical tape recorder unit,
supplied with record only electronics, would occupy a volume of about 0.6 cu. ft.,
weigh about 20 pounds, and use from 30 to 35 watts of power. This would be a |
machine supplied with a 5 inch reel of one inch tape and providing 14 data
tracks. Synchro signals would be directly recorded while temperature and pres-
sure signals would be time shared on one track. A five inch reel of tape pro-
vides about 26 minutes of recording time at a tape speed of 7-1/2 ips and would
be a more tha adequate margin of data storage. A tape speed of 7-1/2 ips
allows for a direct recording ba zdwidth of 100 cps to 25 kc and with a FM car-
rier of 13.5 kc, gould provide a bandwidth of from de to 2.5 kc. Such a band-
width is more than adequate for the HI-HICAT mission.

All considerations to this point favor analog recording of HI-HICAT data. There
is, however, one veiy important limitation which rules out this method of data
storage. The average signal-to-noise ratio is from 32 to 40 db. For the most
optimum signal-to-noise ratio, this would limit the readable dynamic range for
any recorded parameter to 100 to 1. This range is less than that required to
obtain the accuracy stipulated for wind gust measurements by over a factor of
10. Hence analog recording is not recommended.

Another approach Is to record the data in digital form, there" r overcoming the
objectionable noise level of the analog recording method. W'th proper selec-
tion of bit rate, word length and sampling rate, the recorder just described
could be used. However, with all data reduced to a digital pulse train, a
much smaller recorder will serve. A two track machine using a double pass on

450 feet of 1/2 mil mylar tape at a tape speed of 10 ips would proxide a re-cording time of 18 minutes, One track would be used for data and the other

for a clock pulse at a packing density of 1000 bits per inch of tape. Such a

recorder would have a maximum size of 7.5 by 4.5 by 3.0 inches, would weigh
less than 5 pounds and require only 5 watts of power. The missed bit error
rate would be less than 1 in 1o5. Such a recorder would be about the size and
weight of a telemetry transmitter, but it would require much less power. The
tapes could be played back and the data reduced at any number of existing Air
Force data reduction centers thus eliminating any need for additional ground
support equipment.

There would seem to be no valid reason againbt airborne data recording in digi-
tal form once the HI-HICAT system has proven itself reliable. For the early
development flights, though, a telemetering transmitter should be installed
and flights made over a missile range where ample ground support equipment
and facilities are available. Later flights with an airbcrne recorder could
be made in any nonrestricted area in the world.

7.3.3 Telemetry Link

7.3.3o1 Range Limitations
One of the first considerations is range. A telemetry signal generated in the
HI-HICAT vehicle is of little use if it is hot received. There are three
places where receiver sites :ay be located: the launch aircraft, the recovery
aircraft, and on the ground. Maximam range for any ground station is approxi-
mated to reasonable accuracy by

d (2h)1/2
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h = tranmitter height above sea level in feet and

d = radio distance to effecti-e horizon in miles.

Fron this equation, the, maxm1n reception range, when the HI-HICAT vehicle is
flying at 70,O feet, is aL._t 370 miles. At 200,000 feet, it is about 640
Miles.

As the figures show, if ground- stations are usad for reception of telemetry
data, flight will be restricted to areas in the imediate vicinity of existing
receiver sites. This could be overcome by providing one or more transportable
receiver systems, but at considerable expense. If the flights are over water,
the problem becomes even more complex, for receiver sies must now be
provided on ships stationed in the test area. A much more flexible method is
to provide a receiver and a tape recorder in both the launch and recovery
aircraft, using any available ground receiver site that is in range as backup.

7.3.3.2 Tra itter Power
For normal free-space propagation, an equation to compute the transmitter
power for a required output signal-to-noise ratio is given below in terms of
antenna reflector dimensions and system parameters.

Pl 2 E2 F S
Pt- f2 r N

where

Pt = power available at the trasmitter output in watts,

l = power loss ratio due to transmission line at transmitter,

P2 -- power loss ratio due to transmission line at receiver,

B = root-mean-square bandwidth in megacycles,

L = total length of transmission in miles,

f = carrier frequency in megacycles,

r = radius of parabolic reflector in feet,

F = power ratio noise figure of receiver,

K = improvemet in signal-to-noise ratio due to modulation and,

S = required signal-to-noise ratio at the receiver.

It is difficult to determine exact values for the power loss ratio without a
complete system design, but a value of 6 db (0.5) can be selected as a worst
case value. A typical system value for B is 0.1 mc, for L is 600 miles
maximum, for f is 230 me, for r is 0.5 feet (this value for r was selected
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since a parabolic reflector is roughly equivalent to a half wave dipole), for
F is 5, for K is 3.2 (FM system) and for S/I is 4 (for consistent data). Sub-
stituting in the above equation indicates a minimum usable transmitter output
is 1/2 watt. Transmitters are available in almost any power range up to 20
watts. To provide a reliable signal to the receiver and a reasonable design
factor, at least a 5 watt transmitter is recom-ended.

7.3.3.3 Antennas
When calculating the minimum required transmitter power above, both the trans-
mitter and receiver antennas were taken as half wave dipoles. A slot or flush
cavity antenna could be used without any projecting elements to disturb the
aerodynamics of the HI-HICAT vehicle. A properly designed slot or flush cavity
antenna compares very favorably with a dipole both in radiated pattern and
efficiency.

The launch and recovery aircrafts should be equipped with slot, flush cavity
or half wave dipole antennas. Additional reliability could be achieved with
a directional antenna, but the additional complexity does not seem to be
warranted.

7.3.4 Data Coding
Sihce there is such a large number of parameters which must be measured, it is
not pract'.cal to provide a continuous channel for each. Some method of time
sharing is necessary.

if each of the high accuracy data parameters is measured at a rate of at leastt0 samples per second, this will provide a high frequency response satisfac-
tory for turbulence research. This rate provides a data sample once every 150

feet of vehicle travel at Mach 6.

There are three major ways that sampled data can be coded. The values may be
coded as a pulse amplitude (PAM), as a pulse duration (PDM) or as digital in-
formation (PCM). The first two ways are limited to a dynamic range of about
100 to 1 which is very difficult to improve upon because of the effects of noise
and bandwidth limitations of normal telemetry systems. PCM does not have this
serious limitation since the data reduction equipment is only required to de-
termine which of two conditions exist for each pulse period. These conditions

can be the presence or absence of a pulse, a wide or narrow pulse, a positive
or negative pulse, or one of two discrete pulse amplitudes. The most common
coding method in use today is the non-return-to-'ero absence or presence of a
voltage level for the entire pulse period. This method, although somewhat
more difficult to decode because of synchronisation difficulties, utilizes
the available time to the greatest degree and is recommended for the HI-HICAT
system.

Once the data has been converted to its digital equivalent, the accuracy will
not deteriorate, provided the data is properly received and decoded. Accuracy
depends only on the ability to convert to a digital code and on the selected
word length. A data word length of 10 bits will provide a dynamic range of
over 1000 to 1. This is considered to be optimum for the HI-HICAT system. The
accuracy of transducers, the normal noise levels expected and the difficulties
experienced in analog-to-digital converter design restricts going to a greater
word length. The actual word length will be 13 bits since one extra bit acts
as a parity check and two bits are for word synchronization.
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Having now established a rate of 4O s=ples per second and a word length of
13 bits, a bit rate can be determined. The total words per fra-e, which cor-
responds to the m~ber of data channels, is estimated to be 20. The bit rate
equals the sample rate times the word length times the nuber of words and
leads to a rate of 10,4W0 bits per second.

Mvny of the parameters need not be measured at a rate as high as 40 samples
per second. Most temperature measurements and other system parameters can be
samnled at a =.ch slower rate and subcocmtated onto a single channel. Ten
such parameters could be measured at about 4 samples per second, thus occupy-
ing one channel (word) in the main frame. Three such subcomutated words
should be sufficient for the HI-HICAT mission.

7.3.5 Airborne Equipment
The major components of the data acquisition and transmission s/stem are shown
in Figures 48 and 49., The transducers, signal conditioning equipment, trans-
mitter, and antenna have been discussed. The only remaining components fall
within what is termed the telemetry module, as 3hown in Figure 9. Although
this package, containing the coemtators or multiplexers, s.saple-and-hold
circuit&., analog-to-digital converter and programmer, is not available as an
off-the-shelf item, very similar equipment has been built in modular form for
use on various missile programs. 0n4y the proper selection of a module and
minor packaging modifications are required to supply a subsystem which will
meet the requirement of the HI-HICAT program.

The functions of the telemetry module are to select, in a programmed fashion,
each parameter to be measured, sample the output and generate the binary
number equivalent to the sample value. This digital information is then read
out in serial form as a straight binary, non-return-to-zero pulse train for
transmission or recording or both. The complete sequence of events necessary
to accomplish the above is controlled by the programmer, which contains a
precision clock oscillator for accurate timing.

After a data sample has been digitized, the digital information is stored
temporarily in an output register which forms a part of the analog-to-digital
converter. The programmer then generates the parity bit and the two bit word
synchronization signal and adds this infolmation to the register to form the
composite word. The word is then repd out to the transmitter or recorder ih 10
serial form. As these data are read out, the next parameter is sampled and
digitized. The sequence of events is continuous such that the output is a
continuous pulse train of data in the correct format.

7.14 DATA REDUCTION

Regardless of whether the data is recorded onboard the HI-HICAT vehicle or is
telemetered to the ground via a VHF radio linkI the ground readout equipment
is similar. Figure 50 shows the major items r6quired for ground readout.

The data is recorded or transmitted in straight binary. This may or may not
be compatible with the input requirements of the computer which is used for
data reduction. However, after the data pulse train has been normalized
(filtered, detected and reconstructed) it can be converted to a binary coded
decimal form or to any other more suitable code which is compatible with the
input requirements of the computer system to be used for data reduction and
evaluation.
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Since the equipment required for the ground readoui and analysis of data arm
available at a number of Air Force data reduction centers, additional equip-
ment is not considered necessary to support the HI-HICAT progra m Should a
desire arise for a special data reduction center exclusively for the HI-HICAT
program, off-the-shelf equipment is available from a number of suppliers.

7.5 POWER REMMIENTS

The source of powr for the HI-HICAT vehicle must be compact, yet capable of
great capacity; lightweight, yet capable of high current drains. The most
ideal source is a battery pack made up of silver-zinc rechsrgeable cells.
Such units are available with energy outputs of 4O to 50 watt-hour per pound
and 2.4 to 3.2 watt-hour per cubic inch. The average cell voltage under load
is about 1.4 volts; therefore, a battery made up of 20 cells will have an
average voltage under load of about 28.0 volts. From full charge to the dis-
charged state the voltage should not change by more than 4 volts. 115 watts
of battery power will supply a satisfactory reserve for instrumentation re-
quirements.

'4

7.6 iNmuRJImTAIO LiST

The instrumentation package will include a time shared digital data system.
providing 20 channels (words) in the main frame. One of these main frame
channels will be the frame synchronization word and three channels will be
subcomnmtated leaving 16 main frame channels as data channels for data which
is to be sampled at a high rate. Each of the three subframes will include 11
subchannels. One each of these will be used as a subframe synchronization
word leaving 10 channels for quasistatic data channels which are sampled at .4
a relatively slow rate. Two of these subchannels, in turn, shall provide 20
binary channels for on-off functions. An instrumentation list showing range,
sampling rate, maximum resolution, and type of transducers is given in Table
14, which would be applicable to turbulence data gathering flights. Channels
17, 18 and 19 are given over entirely to engineering parameters and the ones
listed are a typical set.
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MiSD4MU TAT1ION LIST

M soB SA)PI YAXJ3JX TRNDM
CH CH PARA RATE ROEOM f TYPE

1 Pressure Altitude 0 to 200
PSF 45/Sec 2 PSF Pressue

2 Dynamwc Pressure 0 to 1000

PS 1 PSF q-Bal Sensor

3 70 Deg. Port Pressure 0 to 100
PSF 0.1 PSF I

4 Angle of Attack Coarse 0 to 50 j
Deg 0.05 Deg

5 Angle of Attack Fine 0.05 Deg 0.005 Deg

6 Angle of Sideslip E2.5 Deg 0.005 Deg Q- Bll Sensor

7 Pitch Rate 2 Deg/Sec 0.002 Rate Gyro I

Deg/Sec
8 Yaw Rate 2 Deg/See 0.002 Rate Gyro

Deg/Sec
9 Roll Rate 2 Deg/Sec 0.002 Rate Gyro

Deg/Sec

10 Pitch Angle 0 to 50

Deg 0.05 Deg Position Gyro

11 Yaw Angle :25 Deg 0.05 Deg Position Gyro

12 Roll Angle 125 Deg 0.05 Deg Position Gyro

13 Vertical Acceleration 0 to
+2.0G 0.002G Accelerometer

14 Lateral Acceleration Jl.0G 0.002G Accelerometer

15 Longitudinal l.OG
Acceleration 0.002G Accelerometer

16 Spare --- 45/Sec ......

17 Battery Voltage 0 to 32V 4/Sec 6.03V None

1 Position N/A* 4/Sec N/A* Synchro

*Not applicable to meterological data
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TAM 4 (coNTM9 )

T SUB SkMM.iL YA TRARSNU
CH CH - PARAM RANGE RATE RIOL!I0 TYPE

2 Position l/A* q/Sec H/A* Byncro

3 Position I/A* H/A* Synebro

4 Position H/A* H/A* Syncbro

5 Aqgnetic Heading 36D Deg 0.4 Deg 1netometer

6 400 CPS Converter 400E20 Frequency
Frequency CPS 0.4 CPS Detector

7 Wo0 cps Converter-
Frequency 115 1OV 0.1V Rectifier

8 Reference Voltage 2) 42V O.OV None

-: 9 Battery Voltage 0 to 32V O.03V None

10 Spare ---. ...

11 Subfrme Synchronism

1 18 i Temperature N/A* N/A* Thermistor or
a" Thermocouple

3

4 Tempei'ature Thermistor or
Thermocouple

Pressure Pressure

6

8 Pressure Pressure

9 10 Binary Channels Switche9

10 10 Binary Channels N/A* N/A* Switches

11 Subframe Synchronism - 4/Sec

*not applicable to meterological data
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TABLE 4 (cONCLUDD)

TK SUB SAMlE MAYflTfl TRAIThJU

CHi CH PARAMRI RAMX RAEE AO1foi TmE

19 1 Terature NIA* 4/Sec N/A* Thermistor or
Thermocouple

2

4 Teu~erature Thermistor or
Thermocouple

5 Strainl Strain Gage

64

8 Strain N/A* N/A* Strain Gage

10 Spare

32i Subframe Synchronism - 4/see -

20 Frame Synchronism - 45/Sec -

*Not applicable to meterological data
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SECTION 8

PRESSURIZATION AND COOLING SYSTEM

A schematic of a proposed pressurization and cooling system is presented in
Figure 51. Helium storage at extremely low temperatures and supercritical
pressures yields fluid densities upwards of twice that for liquid helium
which is 7.8 pounds per cubic foot. Compared to liquid nitrogen and other
pressurizing gases, it offers a lighter system without the problems that
can exist with a two-phase fluid. Such systems have been developed for
various projects during the last few years and their cost Is not considered
excessive for the HI-HICAT vehicle.

The analysis to follow was completed for a paraming vehicle but is
applicable with only slight modification to a lifting body vehicle.

8.1 INSTRUMENTATION COMPARTMENT COOLING

A jet pump will be used to circulate the helium in the instrumentation
compartment. One quarter-inch of silica fiber insulation is required to
reduce the aerodynamic heat load from 130,000 Btu per hour to 13,000 Btu
per hour. The outlet temperature of the instrumentation package is maintained
at a maximum 1750F. Primary helium gas enters the jet pump initially at
-4300F, but by the end of cruise the helium Vill be at -70oF because the
storage tank pressure must be maintained at 1000 psia by internal heaters.
For this analysis the temperature of the helium injected into the pump was
assumed to be -250oF. For a jet pump secondary-to-primary flow ratio of
2.0, a helium injection rate into the pump of 28.5 pounds per hour is
required. Secondary recirculating helium from the compartment is drawn into
the pump at a rate of 57 pounds per hour and. 3000F. The helium exits from the
mixing section at 85.5 pounds per hour and llSoF.

8.2 ACTUATOR COMPARTMEN4T COOLING

Cooling of the actuator compartment and equipment is similar to that discussed
above for the instrumentation compartment. The cooling requirement is §lightly
larger because of the large equipment heat load. A Jet pump flow ratio of
2.0 was assumed, and the primary helium was assumed to be at -25OF. For
these conditions, helium is injected into the pump at a required 35 pounds
per hour. Secondary, recirculated helium is drawn into the pump at 280oF
and 70 pounds per hour. The helium leaves the pump at O1oF and 105 pounds
per hour. For the assumed equipment heat load, the equipment helium exit
temperature will be 2500F.

8.3 THERMAL PROTECTION FOR THE PROPELLANTS

The maximum bulk temperature for IRrNA is 140oF whereas for Hydyne MAF-4 the
limit is 3350F. A significant amount of heat shield material will be
required, but due to the complexities involved, no detailed analysis has been
attempted at this time. The present design includes an average thickness of
1/4 inch of cork for the parawing tanks on The basis of preliminary estimatesand 1/4 inch of silica fiber insulation for the lifting body tanks.
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8.4 PROPKLAri TANK PRFSSUZATION "

One major difference between the lifting body and the parawing vehicle is ,the
use of a pump in the former to boost the pressure of the propellants up to a
level of 620 psia. To achieve the required propellant loading, the propellant
tanks for the lifting body must occupy all usable space available. Complex
shapes result, uhich are inappropriate , a pressure-fed system. Therefore,
the tanks are pressurized to only 35 Ps to provide positive inlet pressure
to a turbopump as compared to a maximum pressure of 465 psia for the parawing
tanks. The pump is located under the recovery system compartment, and it
delivers propellants to the engine module at approximately 620 psia. The
propellant tanks in fither case will be pressurized by gaseous helium. Storage
tank pressure is initiated with an electric heater, buo once heat is avail-
able from the helium exhausting from the cooled compL.tmant3, the tank
pressure is maintained by the heeted helium passing through a heat exchanger
inside the tank.
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SECTION 9

WEIGHT

The weight and balance for both the parawing and the lifting body vehicle are
given in Tables 5 and 6. The parawing vehicle is 25 feet, 4 inches long,
about the maximum feasible for installation under an F-4C aircraft. The

19-inch diameter, however, is somewhat arbitrary. By increasing the diarieter,
the mass ratio can b increased with a resulting increase in performance, but
the increase is small compared to the increase in overall weight. An increase
in overall weight means an increase in acquisition and operating costs. The
present diameter is believed to strike a satisfactory compromise resulting
in a near minimum cost per data mile.

The lifting body vehicle has a length of 21 feet, 7.5 inches. It fits easily
under an F-4C vahicle and could be larger both in length and breadth. Like
the parawing vehicle, though, the present size is believed to be a
satisfactory compromise.
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-1 TABLE 5

PARAVM Vh -I-,

WIGHT AID BALANCE

Tail Fins, Hose, and Tail Structure 152 Lb

Avionics and Batteries 84

Control Actuators 23

Recovery System 63

Pressurization and Cooling System 45

Rocket..Engine Module 131

Propellant Module (including Tank) 321

Propellants 1816

Liquid Helium 21

Parawing (Maxim= Area) 217

With targe Parawing Without

(Ma m Area)__ Parawing

Full Weight 2873 Lb 2656 Lb

%1ll Center of Gravity 178 In. ffrom nQse) 180 In.

Empty Weight 1036 Lb 819 Lb

Empty Center of Gravity 180 In. 182 In.

1.
uI.
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TABLE 6

LUPTMI BOD VEHICTZ

WEIGFM APM BAWINCE

Airframe 750 Lb

Avionics and Batteries 80

Control Actuators 15I,

Recovery System 88
Pressurization and Cooling System 38 V
Rocket Engine Module 131

Turbopm~p System 55
Propellants 2092
Liquid Helium 13

Full Weight 3262 Lb

Full Center of Gravity 160 In. (from nose)

Empty Weight 1157 Lb

Empty Center of Gravity 166 In.

IL5
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SECTION 10

OPERATIONS

While it is not possible at this time to obtain a definite ruling, it may be
assumed that the previous pattern of allowing unmanned vehicles to fly only
over unpopulated or sparsely populated land areas will be followered. There are,
however, adequate ranges throughout 'he world where the vehicle could operate to
give world wide turbulence coverage. Figure 52 shows some of the better known
unclassified ranges. As the flight program prdgresses and reliability improves,
flights can be made from ranges with less capabilities than the National Ranges
in the Continental U.S,A.

10.1 WHITE SANDS MISSILE RANGE

A tentative flight program for 50 flights presehted in Table 7 shows initial
data gathering flight3 from White Sands Missile, Range (WSMR). Since the
initial flights must have more extensive ground, support, the capabilities ofthe WSMR are presented in some detail as representatvive o'f those considered

necessary. All the ranges shown in Table 7 have sufficient tracking facilities
for HI-HICAT operaticn after the initial data gathering flights have been
successfully flown.

White Sands Missile Range covers an area of roughly 40 miles by 100 miles,
cimposing approximately 4000 square miles of the Tularosa Basin. It is
flanked on the west by the Organ or San Andres Mountains and on the east by the
Sacramento Mountains. Visibility in the area is excellent, being greater than
ten miles 96% of the time. The nominal range is 87 nautical miles in a
northerly direction. The only exception to this is during 30 select days of
the year when the range is extended to .122 nautical miles. This still falls
short of the range requirement of the HI-HICAT vehicle.

Further investigation indicated that the Athena launching area at Green River,
Utah, would be suitable for the program. Normally this is a 420 nautical mile
flight impacting near the RAN site at WSMR. This would give a sufficient
rAnge for the proposed HI-HICAT flights. Figure 53 shows the geographical
layout of the Green River Launch Site, as presently used for the Athena vehicle.
Superimposed is a typical HI-HICAT trajectory.

The following organizations and their equipment are available at WSHR to meet

the range user's requirements:

A. Measurement Division - Collects all flight data.

B. Data Reduction Division - Reduces data to a form desired by
range users.

C. Range Services Division - Provides missile recovery services
and operates Army aircraft.

D. Range Instrumentation Development Division - Accomplishes
research and development functions associated with
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TABLE 7

FLIGHT PROGRAM FOR 50 FLIGHTS

Flights Location

1 - 5 White Sands Missile Range, New Mexico

6 - l0 Western Test Range, Vandenberg Air Force
Base, California

11 - 1'7 Eglin

18 - 25 Wallops

25 - 35 Fort Churchill, Canada

36 - 4o Hawaii

f41 - 50 Woomera, Australia
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the development and/or improvement of data collection/
reduction equipment and techniques.

E. Rane 'Sfiunl OPerations Divisioh - Coordinates signal effort
in support of range operations.

F. Air Weather (Air Force) - Under coordination control of the
Chief,. IRM, provides meteorologleal support to range users.

G. Air Suport (Air Force) - Under coordination control of the
Chief, IRM, provides aircraft support to range users.

Areas of support available at WSH that could be used in HI-HICAT flights are
given below.

10.1.1 Radar Tracking

Among the tracking equipment available are nine AN/FPS-16 radars. They have
tracking rates of 20,000 yd/sec in range, 40 deg/sec in azimuth and 30 deg/sec
in elevation, with an RMS range error of 5 yards. Each radar can supply ac-
quisition data, which is referenced to a common coordinate system within WSMR,
to all other radars. Radar data are used to provide raal-time information to
the missile flight safety officer, trajectory data to the project, acquisition
data to other range informatIon systems, and vectoring data for drones and
target aircraft. Both skin and beacon trackig are employed simultaneously to
achieve a high order of reliability.

10.1.2 Optical Tracking

Optical tracking is obtained by use of the Askania high and low speed cameras,
at frame rates from 1 to 60 frames per second. The present cinetheodolite
system yields position data accurate to approximately *20 seconds of arc.
Derivative velocity and acceleration data are obtained from the position
measured.

10.1.3 Telemetry

The range has the capability to receive, decommutate, record, linearize, and
scale factQr all standard FM/FM, PAM/F4/FM, and PDM/FM/FM telemetry signals
transmitted in the 216-to-260-megacycle band. Both crystal-controlled and
tunable receivers are used, Magnetic tapes, oscillograph, and pen recorders
are used as requ.red. Two 15-foot, parabolic, 18-decibel gain, servo-driven
antennas are in use.

10.1.4 Command Control

AN/FRW-2 and AN/URW-15 FM transmitters, operating in thd 406-to-549-megacycle
band, are used for command control. These transmitters generate, respectively,
500 and 1000 watts of RF power, which is radiated through omnidirectional
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antennas. Standard IRIG tone generators are availablo at al. transmitter
stations to provide the modulating signals. The tone generators can be con-
trolled remotely from adjacent range control centers. Each transmitter has
provisions for external modulation, if required. All staticns h.ave two trans-
mitters, with one transmitter serving as automatic standby.

10.1.5 Meteorological Data

Atmospheric data are collected and reduced in support of rocket, missilt, and
other programs at WSMR. The operational activities center around the collec-
tion of data on various atmospheric parameters, prior to, during, and after the
launch of a miss le. Standard and nonstandard systems and techniques are
utilized in obtaining these data. Meteorological data are obtained from obser-
vations and measurementb of atmospheric pressure, relative humidity, tempera-
tire, and wind velocity vectors.

WSMR utilizes a double-theodolite system at selected sites. A theodolite is
located at each end of a surveyed baseline. Azimuth and elevation data from
each theodolite are recorded when the instruments track a meteorologicol
balloon. A computer automatically reads the theodolite data, performs the re-
quired computations, and produces a graph profile of the observed wind compo-
nents from ground level to 2000 feet. These data are reduced, evaluated, and
presented to the user within four minutes from the time the balloon is released.

Six permanent Rawinsonde launch points are established at WSMR. One mobile
unit is available to provide off-range or special area support. An instrumentation
balloon, which ascends at a rate of approximrtely 1000 feet per minute to alti-
tudes of between 75,000 and 125,000 feet, continuously telemeters temperatures,
relative humidity, and atmospheric pressure data to the Rawin AN/GMD-2 auto-
matic tracking receiver. Azimuth and elevation angles from the tracking unit
are recorded at regular intervals.

Meteorological soundings up to altitudes of 600,000 feet can be obtained by
use of the Nike Cajun rocket. The Arcas rocket, most frequently fired, can
carry a relatively simple telemetry system up to altitudes of 250,000 feet.
Parachutes are often launched at apogee. Data resulting from radar track of
the parachutes are reduced to wind velocity vectors.

10.1.6 Data Processing

Data processing capabilities are extensive. All standard IRIG telemetry sig-
nals can be decommutated, digitized, linearized, scale factorbd, and stored on
either pen recorders, oscillographs or magnetic tape.

10.2 Other Ranges

No other overland range in Continental U.S.A. is adequate for the HI-HICAT mission,
but investigation of suitable over-water ranges far early flights was made.

The Pacific Missile Range (PMR) at Point Arguella, California, can supply
support matching that of WSMR, and without the tight scheduling problem of the
Eastern Test Range (Cape Kennedy). Included in this support is offshore ship-
board tracking, and air snatch capability from C13O aircraft based at Edwards I
Air Force Base. Figure 54 shows the support capabilities of WTR and a poisible
HI-HICAT trajectory, using their facilities.
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10.3 smry

To sm marise, the recomended mode of operation for the SI-HICT vehicle in:

1. A31 flying over non or sparsely populated re as.

2. YAxdum use of ground facilities for tracking and data
gathering in early flights.

3. Initial data flight from WSW or WT.

4. Broadening of operational use of experience and riability
is gained, to eventual vorld-vide usage with uinimm ground
mupport.

126



SECTION 11

SCHEDULE AND PROdRAM

A program for either a parawing or a lifting body bears such a high degree of
similarity that there is no need to differefitiate between the two.except for
a research phase needed for the parawing. The liting body is a shape which
has been studied and tested extsively in recent years for hypersonic
vehicles. The data from past programs are readily applicable to the HI-HICAT
system. Little interest has ex..ted in parawings for supersonic or hypersonic
speeds, primarily because f c missions require the extreme altitude
capabilities in liftng flight au:'does the HI-HICAT mission. A parawing
research program is outlLued-whch-wculd generate sufficient data to permit
establishing a firm foundation for the theory and design of parawings. The
program would require slightly o#er 4 year and a half, and it must be
c&plete&before & parawing.vehicle can be iieveloped.

11.l PAnWING RESEARCH

Vittle is known concerning the behavior of parawings at supersonic speeds.
The National Aeronautics and Spiace Administration appears to be the only
goup which has conducted high speed tunael tests. Only three reports,
R.ferences 7, i4, and 15, contain usable0.data. Also, a parawing has not been
successfully flown at supersonic speeds, The program given herein is intended
to increase the store of-hig4-speed aerodynamid and--thermodynamic data and
permit the development and verificatibn of a fJexible wing theory. The
-outline and schedule for theprogram is -presented in -Figure 55. It proceeds
* scheduling "hot" and "cold" wind .tunnel tests early in the program. These
tests are followed by the design and fabrication of experimental gliders.
The program ends with the successful flight test of one of the experimental
gliders. -

11.1.1 Cold Tunnel Tests

High speed tests for aerodynamic force dat ae planned for wing alone models,
a wing plus body model, and a wing plus body plus tail model. The program is
based on the utilization of Lockheed's . by 4 feet supersonic blowdown wind
tunnel located in the Research Center at -Rye C4nyon near Saugus, Californi .
During a typical blowdown, the angle of attack 'r the angle of sideslip
would be varied slowly while the forces land mmiiiits are measured with a six
component balance. A number of parawings would :be tested (various leading
edge sweep angles, canopy. curvatures, leading edge radii, leading edge b6om
curvatures, etc.), at high and low Mach numbers.

Wing deployment tests are also planned in addition to the static force tests
described above. Extension would*.be mad at vsrious Mach and Reynolds
numbers, and angles of attack and sideslip.

The program. calls for the wind tunnel tests to be preceded by aerodynamic and
thermodynamic analysis. This analysis is intended to aid in the selection of
configurations for testing and to create a theoretical framework by which the
test data can be analyzed.
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11 .1.3 Flight Tistr

The przar y objecti-:e ;f the - rz = is-a successful flight of a
: .1 ..... V aT supersonic speuds; a feat which has not been ;accomplished

to date. The researchiprogram described herein calls for a successful flight
test. of :an experimental glider. The test vehicle would weigh roughly 300
pouids -and would be boosted.,from the gpound up. to the desired altitude and
speed by a solid propellant rocket such as the Black.:Brant IV-A motor. At
apogee, the parawing would be deployed and the vehicle would decelerate and
-glide down to conditions .nitable for initialing the parachute recovery pack-
age. The only guidance ., control function which appears to be essential is
a-roll attitude control which would position the glider in an upright attitude
before the wings are extended.

Three -gliders would be fabricated with the expectation that one would success-
fully complete the test. The choice of three vehicles is in line with .the
number chosen for similar programs which involve the first time operation of a
new system at high speed.

11.1 .4 -Miscellaneous

A manufacturing technology study would not be necessary. It is expected the
need will be eliminated when the manufacturing technology study being conducted
by the Space General Corporation of El Monte, California, is completed under
contract A33(657)-10252 (Referefice 16). Their investigations are split into
three phiases of evaliti6n and design, fabrication and tests leading to the
development of structural designs, materials, mnufacturing processes and
techniques for use in the construction "of inflatable re-entry vehicles. 'he
results of their study *li ; ppicable io high speed parawings with rigid
leading edges.
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~'~,and a one-month lapse in time from the end of ground testing to the
start of flight testing is shown. A detailed set of ground tests are speci-
fied in line with the requireme-'& for a reliable HI-HICAT system with a high
degree of :reusitbility It appei ki an integrated series of system tests can,
be accomplished :at the same time-that the rocket engine is tested, at a sav-
ingsi in time and effort. These tests will include vibration tests, shock
tests, acceleration tests in a centrifuge, mission temperature-pressure simula-
tion, humidity test and antenna pattern tests. One complete vehicle and in-
strumentation will be scheduled solelyr for these tests.

The flight tests include 13 build 'p flights to maximum speed at an intermediate
altitude. AUl the flights will follow the planned sequence of operation from
air launch~to air recovery. These tests 'will be preceded by F-4C launch re-
lease test of dummy HI-HICAT vehicles at supersonic speeds.

The next series of flight tests are 5 buildup flights to the maximum design
load factor at the maximum speed. These are followed by.,5 buildup tests at
a high altitude and 4+ bildup tests at a -low altitude. A total of 8 complete
HT-HIOAT systems are allotted to the development flight tests. Assuming 14
flights result in total system failure or unsatisfactory data, this yields a
flight development program consisting of a total of 13 + 5 + 5 + 4f + 14i = 4
launches.

11.3 HI-BlOAT PRODUCTION

The proposed production progratm, including periods of performance, duration of
project by moitht, and delivery of all items is indicated in Figure 57. The
fliglit tests will be completed in 32-1/2 months after go-ahead, and the
research, development, tests and engineering phase will be completed in 33-1/2
months. The production test program will be completed in 4+ years after go-
ahead for 50 data flights, in 6 years for 500 data flights, and 7-1/2 years
for 1000 data flights. This program assumes the use of USAF test facilities
and F-4C and C-130 aircraft. Launches will be conducted from only one USAF
base or site at any one time in order to reduce HI-HECAT systems and equipment
to a minimum.
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SECTION 12

COST ANALYSIS

System costs h&ve been developed for a HI-HICAT lifting body vehitle. The
costs for developing a HI-HICAT parawing vehicle would be about the saw, and
hence are not shown. However, a parawing research program must precede a HI-
HICAOT parawing development program and these additional costs are detailed
below. The data for the lifting body vehicle are presented in Table 8.
The systems include the RDT&Z (Research, Development, Test and Engineering),
production and operating phases to successfully completb 50, 500 and 1000
data flights.

The system cost analysis includes all of the items of hardware, facili-
ties ana services for the design, procurement and operation of the HI-HICAT
systeim. Inputs to the cost model were derived from several sources including
Lockheed historical data, subcontract budget estimates and data xrom U. S.
Government publications. Design requirements indicate that the technology and

- bardware-are withinv.,. ths-stat-off-the-art. Yost of the hardware can be pro-
cured from off-the-shelf bources or with a minimum development cost.

All costs are based on 1965 dollars.

12.1 HI-HICAT PARAWING RESEARCH COSTS

As discussed previously, the available information on the behavior of parawings
at high speeds is ei"remely limited. Additional research would therefore be
required to bring the parawing up to the existing lifting body state-of-the-
art. The cost of this additional work is based on the test program laid out in
Sect,on- 11 and the schedule of Figure 55.

PARAWING RESEARCH C9STS

(Thousands of Dollars)

Planning $ 18

"Cold" tunnel tebts 180

"Hot" tunnel tests 75

Test vehicles, design t manufacture 1,500

Ground and flight tests 230

Reporting 29

Total $2,032

12.2 HI-HICAT RESEARCH, DEVELOPMENT, TEST AND ENGINEERING COSTS

The number of vehicles required for the test program was derived in the pre-
ceding section. All costs are included to develop and integrate all components,
facilities and services necessary to meet the system mission requirements.
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TABLE 8

COST ANALYSIS SUHKARY
(THOUSANDS OF DOLLARS)

Number of Successful Data Flights 50 500 1,000

RDT&E Costs (subtotal) (20,903) (20,903) (20,903)
Aarframe 8,823 8,823 8,823

E e 2,4OO 2,40 2,,40O

Instrumentation 909 909 909

Subsystems 480 480 480

Other 8,291 8,291 8,291

Production Costs (subtotal) (3,785) (18,876) (35,307')

Airframe 624 3,202 5,856

Engine 362 2,367 4,708

Instrumentation 892 5,908 11,795

Subsystems 23T 1,538 3,050

Other 412 2,299 4, 341

Spares 253 i,531 2,975

Other 1,005 2,031 2,582

op,-rating Costs (subtotal) (2,46o) (12,819) (23,731)

Personnel 300 1,500 2,400

Mintenance 767 6,280 12,638

Fu ] 87 852 1;705

Other 1,306 4,187 6,988

TOTAL SYSTEM COST 27,148 52, 598 79,941

Cost per Data Flight in Dollars 542,960 105,196 79,941
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The airframe development cost is derived from Lockheed historical data and
similar vehicle studies. Propulsio-, pressurization and cooling, recovery,
guidance and control, and instrumentation systems costs are based on subcon-
tractor budget estimates.

Other costs include the development of aircraft ground equipment, ground and
static testing, test hardware and flight testing.

For this study, it is assumed that the USAF will furnish the facilities and
barvices for flight testing as described in the operations phase, Section 12.4.

It is assumed that the test operating crew will secure the necessary training
requirements in the RDT&E phase to efficiently operate the data collection
program.
12.3 HI-HICAT PRODUCTION COSTS

Flyaway costs include all material labor and supporting costs for the produc-

tion of the following number of HI-HICAT vehicles:

50 Data Flights - 6 Vehicles

500 Data Flights - 40 Vehicles

1000 Data Flights - 80 Vehicles

Airframe costs are estimated from Lockheed data.

Engine, instrumentation, and sub-assembly components are taken from sub-
contractor budget estimates. Instalaation labor is based on the requirements
of the particular component or subsystem.

Due to the small production required, the same tooling is used for the testing
and the operational vehicles.

Other costs include technical integration, support equipment, maintenance,
sustaining engineering, manuals, and miscellaneous costs.

Initial spares costs are based on 10 percent of the flyaway costs. As the
propulsion and recovery systems refurbishment costs are based on the number of
vehicle launches and the number of kits required, these costs are not
included in the initial spares. These kits are included in the operating
refurbishing cost.

12.4 HT-MICAT OPERAFTING COSTS

For this report certain assumptions are made to arrive at comparative costs

of 50, 500 and 1000 data flights.

1. Launches will be conducted from one established USAF base or site at
any one time.

2. USAF will provide facilities for storage, maintenance, refurbishing,
operating support equipment, and supplies. These facilities costs
are not included.
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3. Operating range and facilities will be available for data flights as
scheduled. Such costs are not included.

4. USAF will maintain all government furnished facilities.
5. The operating team, equipment, and supplies will be transported between

locations by the USAF. The cost of operations in foreign areas are
not included as the locations are not defined at this time.

6. All launch aircraft (F-4C), and recovery aircraft (C-130) equipped
with air snatch equipnent and with operating crews, will be furnished
by the USAF. These costs are not included herein.

7. Housing and subsistence costs are not included in this report.
8. It is assumed that operating crews will have secured sufficient

training during the RDT&E phase that training will not be required
for the operating phase of the program.

System operating costs include all personnel, equipment and supplies to
accomplish the program for 50, 500 and 1000 data flights.

Personnel includes crews to manage and operate the system. Estimated minimum
crew sizes are estimated at 30, 45 and 58 men for 50, 500 and 1000 data
flights.

Maintenance and refurbishment costs are based on an initial vehicle turn-
around time of 30 days. This performance should improve with experience on
extended operating programs. Refurbishing kit coats for the propulsior and
recovery systems are based on the number of vehicle launches. Kit costs are
based on subcontractors' budget estimates. All other annual replacement costs
are based as a percentage of the component or system costs.

Fuel costs are based on current market prices.

Other costs include launch and recovery aircraft operating costs, modification
of launch aircraft, data planning, acquisitio and analysis.

Launch and recovery aircraft operational costs are computed by extracts from
Reference 17. These costs include USAF flight, base, and depot costs based
on peacetime aircraft utilization. It is estimated that one,F-4C launch
aircraft and one C-130 recovery aircraft will service the 50 data flight
program. For 500 data flights at 3 flights per week and 1000 data flights
at 4 flights per week, two launch and two recovery aircraft will be required.

Aircraft modifications include launch pylons, receiving telemetry and command
equipment for the F-4C and the C-130 aircraft.

Data acquisition and analysis costs are based on current HICAT operations.
The ground equipment for ground readout and data analysis is assumed to be
available and no costs are included for this item.
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SECTION 13

ALTERNATE SYST4S

In the preceding sections there have been comparisons between the recommended
system and various alternatives. The intent and scope of the present contract
is the study of a vehicle and instrumentation system which would measure
turbulence at extreme altitudes. Considering the difficulties of measuring
turbulence at such altitudes, it is appropriate to examine other measuring
systems. These alternate systems will not satisfy all the requirements of the
present contract, but under some conditions they might produce data with
satisfactory accuracy at a lower cost per data bit.

The discussions to follow are brief and are intended solely to acquaint the
reader with the possible alternatives. Considerable background information
is taken fom-a study completed for the Aero-Atrodynamics Laboratory, NASA,
Marshall Space Flight Center, Huntsville, Alabama, References 18 and 19.
That study fulfilled a need for gathering together and analyzing under one
cover the many systems for measuring the wind environment of large space

vehicles rising through the atmosphere. Here the interest is for horizontal
rather than vertical trajectories and for higher altitudes, but the basic
measuring principles remain the same.

13.1 REMOTE MEASURING SYSTES

-Remote systems can be conceived which use the intelligence contstnz, in the
laser or radar radiation backscattered by aerosols and inhomogeneities in the
atmosphere to deduce the turbulent structure. Such concepts hold little

promise because of the extremely poor signal received-to-transmitted power
ratios available.

13.2 SOUND SYSTEM

The use of a sound generator was discussed in Reference 19. Unfortunately,
a pure tone passing through a turbulent atmosphere is distorted to a signifi-
cant extent. The small shifts in apparent source frequency due to the winds
at altitude would probably be completely masked by the frequency shifts due
to the sound waves passing through turbulent layers.

13.3 BALLOONS

Rising or falling balloons follow a trajectQry that is usually closer to the
horizontal than the vertical. There is no fundamental reason why the data
from a Jimsphere or Robin balloon could not be processed to yield the vertical
as well as the horizontal winds. The slowly varying component introduced
into the apparent winds by the terminal velcicity of the balloon must be re-
moved, of course, by numerical filtering or other means. Since an accuracy
of one foot per second is desired, o-'-y a precision system such as the
Jimsphere and FPS-16 radar system, iizference 20, should be investigated. The
low cost of this approach is especially appealing.
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13. 4 S C AND CHAFF TRAILS

Smoke aud chaff trails could be laid for a distance equal to the maximum
wavelength of interest, that is 75,000 feet, at the apogee of a rocket
trajectory. A variation of only *1000 feet from the desired altitude can be
achieved with an apogean velocity of only 1560 fps and a small meteorological
rocket coul' probably be used. Smoke suffers in that good visibility is
required. (See idierence 21 for a report on a smoke trail method for vertical
wind profiles.) Also, there are problems involved in generating smoke above
60,000 feet as Reference 22 indicates. Chaff appears to be superior as a
"tracer" but large DopD,3 r i-adars must be built or modified from existing
equipment.

The possibility of chaff for high resolution wind measurement was studied by
the Cornell Aeronautical 1-Ihorantory as discussed in Reference 23, Quoting:

"Deigp concepts were formulated and evaluated for a high resolution (30 m
altitude incremant) cir maapiAen concept involving two Doppler radars and
a continuous chaff column for rapidly constructing the wind profile from
ground to15 km altitude. The investigation included theoretical interpreta-
tion of Doppler spectra, suitable measurement techniques and apparatus for
achieving desired sampling capability, and field experimente wherein the
general concept was assessed. These simultaneous efforts have led to the
following conclusions:

1"1. The Doppler radar chaff concept, as devised, is feasible for obtaining
wind information of desired accuracy (0.5 - 1.5 m/sec) and spatial
resolution (30 m altitude increments). Required equipment to meet
these specifications cannot be considered simple or inexpensive;
45 feet to 60 feet diameter antennas, radar transmitters of demanding
design, and a unique rocket chaff dispenser are called fcr. Nevertheless,
the envisioned system appears capable of providing, in "real time" and
regardless of weat" r conditions, unique atmospheric wind structure
informatici."

"6. Theoretical calculations and chaff tracking experiments have shown
that 3 to 5 pounds of chaff (approximately 4 million X-band dipoles
p(-., pound) are required per 15 kilometer high col n. This concentra-
tion is considered suitable in terms of detectable signal return and
adequate statistical representation of wind velocities with a sampled
volume."

The above quoted accuracy is obtained with a radar sweep over the entire 15
kilometer chaff column in 150 seconds; hence, a number of wind profiles could
be generated before the chaff dissipates.

It is recommended further consideration be given to the chaff trails system.
It appears a iumber of "sweeps" could be made of a 75,000 feet trail before
the tracer dissipates. This number must be compared to the 25 "sweeps"
intended for the HI-HICAT vehicle and the cost per mission and per sweep
determined. Although novel, a chaff trail system might generate data at
moderate overall costs. The initial costs would be high, however, because of
the requirement for a number of precision Doppler radars.

14o



SECTION 14

CONCLUSIONS AND RECOMMENDATIONS

A preliminary design study was conducted for a HI-ICAT vehicle and instru-
mentation system for operation at altitudes from 70,000 to 200,000 feet which
lead to the following conclusions and recommendations:

1. One-stage, unmanned parawing and lifting body designs were evolved for
a HI-HICAT vehicle and instrumentation Bystem capable of measuring.
turbulence at altitudes between 70,000 and 200,000 feet. If the full
range of altitudes must be achieved with one system, then a parawing
vehicle is optimum. By deploying wings of optimum size, or no wing,
the parawing vehicle achieves the greatest range of operating altitudes.
The parawing system features a cluster of eight Plf-l rocket chambers,
highly pressurized propellant tanks, a cryogenic helium pressurization
and cooling system, an inertial navigator, a command control system,
and a parachute recovery system designed for an air snatch with a
C-130 aircraft. The vehicle is air lauiched from an F-C aircraft at
speeds near Mach 2. The instrumentatioh features a one-axis servoed
Q-ball, digital data handling equipment, telemetering, and on-board
marnetic tape recording.

2. When emphasis is placed on the mid-range of altitudes from 100,000 to
150,000 feet, a lifting body configuration is competitilre with and
recommended over the parawing. However, a HI-HICAT development program
should allow for the exploration of closely related shapes with the
goal of achieving substantially better lift-to-drag ratios than those
for the vehicle described herein. The internal systems for the
lifting body vary little from those for the parawing with the only
exception being the use of a turbopump to feed the rocket engine from
propellant tanks that are only lightly pressurized.

3. An instrumented YF-12A aircraft is the recommended vehicle for
gathering turbulence data at the lower HI-HICAT altitudes. It
rvpresents the next logical step up from the present HICAT pro-
gram with a U-2 aircraft. The cost of obtaining data, although
more than that for past turbulence programs with subsonic air-
craft, would be considerably less than the cost of the unmanned
HI-HICAT system described herein.
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